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PREFACE 


During the past twenty-five 01 thim veais, theie has appealed 
in the literatuie of plant pathology a constantly me leading 
amount of evidence that injects play an impoitant lole m the 
spiead and development of many plant diseases Much ot 
this evidence has never been adequately summailzed or cooidi- 
nated and is to be found only m widely scatteied publications 
In this book, the authoi has endeavoied to bung togethei m 
one publication the most impoitant contnbutions m this field 
of study An effort has been made to evaluate and mteipiet 
the evidence m the light of the moie lecent advances m entomol¬ 
ogy and plant pathology 

Because the authoi feels that the subject has not leceived 
sufficient attention fiom teacheis and leseaich tvoikers, he ha> 
piesented it m a manner that frankly stuves to emphasize tlm 
impoitance and promise of the subject as a field of study and 
lesearch The book is published, therefore, with the hope 
that it will stimulate greatei interest m the subject among those 
students who aie concerned with the problems of plant piotection 

In piesentmg the material, an effoit has been made to be 
buef No attempt has been made to discuss all diseases tians- 
mitted by insects 01 all insects that transmit diseases Emphasis 
has been placed on those which hate been investigated most 
completely 01 which aie best suited fox illustrating the various 
pi maples of insect tiansnnssion Moieotex, in discussing a 
disease only those facts lelevant to insect tiansmission hat e been 
included Much mfoimation of geneial mteiest m plant path¬ 
ology has been omitted puiposely In most cases, howevei, 
suitable refeiences to such mfoimation have been given In 
like manner, no complete techmcal desexiptions of the insect 
vectois have been included This mfoimation can be obtained 
leadilv fiom standaid entomological texts 01 fiom the special 
lefeiences cited 

Because of the method of presentation, m which eextam 
chapters deal with specific examples of insect transmission and 
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otheis with the pi mciples involved, a small amount of lepetition 
has been unavoidable It is believed howevei, that the added 
com emence to icadcis with diffeient backgiounds of mfoimation 
will moie than compensate fox anv objectionable featuies of this 
method ot anangement 

The authoi fiist became impiessed with the potentialities of 
this field of study m 1923 when an investigation of the blackleg 
disease of potatoes led him into a studv of the lole of Dipteious 
insects m the spiead and development of the bactenal soft rot 
of plants Since that time, he has actively piosecuted icseaich 
m some aspect of the association of insects with plant diseases 
Fiom 1932 to 1938 he taught a couise m the subject m coopeia- 
tion with Pi of A A Gianovsky of the Depaitment of Ento- 
mologv and Economic Zoology at the Umv eisity of Minnesota 
A smnlai couise is now taught by the authoi at West Ynginia 
Umveisitv 

The idea of waiting such a book was originally suggested 
m 1929 by the late Di Royal X Chapman, whose interest 
and enthusiasm caused the authoi to continue his activity m 
this field ot studv Without Di Chapman’s constant encoui- 
agement, the book would not have been wntten The piepaia- 
tion ol the manusciipt was begun while the authoi was piofessoi 
ot plant pathology at the Univeisity of Minnesota and has 
been completed at West Ynginia University The authoi is 
indebted to his colleagues at both institutions foi aid m manv 
diffeient ways He is giateful to Dean E M Fieeman foi much 
helpful advice and encouiagement Thanks aie expiessed to 
Dis Clvde Chiistensen Call J Eide, E C Stakman, Leon H 
Leoman and Cailton F Tavloi foi cuticallv leading the entne 
manusciipt and to Di Claience A Mickel toi leading Chap XIII 
and toi aid m det ex mining the collect names foi a numbei ot 
insects Many helpful suggestions have been leceived fiom these 
colleagues, but the authoi assumes lull lesponsibihtv foi any 
euois m the text Acknowledgment is due also to Di A A 
Gianovskv, who was associated with the authoi m the couise 
offeied at the Univeisity of Minnesota, foi leading the fiist 
diatt of Chap* I to YI 

The authoi is grateful indeed to those who have kindly fui- 
nished illusxiative matenal specific acknowledgment of which 
is given elsewheie The lllustiations not otheiwise designated 
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aie fiom the files of the Department of Plant Pathology of the 
Unneisitv of Minnesota 01 the Depaitment of Plant Pathology 
and Bactenologv, Vest Virginia Umvemty 
The references cited ? with the exception of about 30 title- 
have been checked ioi accuiacv with the raid catalogaes ot the 
Library of the U S Depaitment of Agucultuie 01 with originals 
deposited theie Giateful appreciation is expressed to the 
Buieau of Plant Industry Libraiv staff foi making these lacilities 
at ailable 

Jllivn’ Gilbert Leach 

Morgcntovx, W Vi 
June, 1940 
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INSECT TRANSMISSION OF 
PLANT DISEASES 

CHAPTER I 
INTRODUCTION 

Since the dawn of civilization, man has been interested m the 
health of plants In all piobability plants weie subject to 
disease long befoie they were brought undei cultivation, but the 
diseases w T eie of little concern to man until he began to give 
special caie to those plants that furnished him food At fiist 
the diseases weie attributed to supeinatmal phenomena, and 
their control was sought only thiough appeasement of the 
appiopnate gods With the development of more intensive 
agriculture thiough the ages, the necessity of piotectmg ciop 
plants against disease has become piogiessively moie acute, and 
consequently a more scientific attitude tow aid the problem has 
developed 

Eoi many centuries, however the «tudy of plant diseases was 
dominated by dogma and superstition foi the nature of disease^ 
lemamed obscuxe and little or nothing was known of micro¬ 
organisms In latei yeais wTien rnici oorganisms wei e obsened 
to be associated with diseased plants they weie intei pie ted, at 
fiist, as pioducts lather than as causes of the abnormal conditions 
It was not until the middle of the nineteenth century, when the 
classical studies of De Bary definitely established the pathogenic 
natme of certain fungi, that the subject was placed upon a true 
scientific basis With this new’ concept of the nature of plant 
diseases, progiess was lelatively rapid and much was learned 
about the diseases of plants and how’ to conti ol them Nat in ally, 
however, emphasis was placed on the etiological aspect of the 
diseases and for many years the more impoitant w’oiks were 
descriptive m nature Thought was dominated almost com¬ 
pletely by the mycologieal viewpoint Tins influence is still 

1 
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veiy stiong, and, even now, theie aie some w T ho look upon 
phytopathology as nothing moie than applied mycology Much 
of the leseaick m contempoiaiy plant pathology is still descrip¬ 
tive and evploratoiy Only m veiy recent yeais has attention 
been given to other and moie fundamental aspects of the subject 

Even control measuies, to a laige extent, have been based on 
empirical studies with only a supeificial undei standing of the 
many factois involved Spray piogiams and seed treatment 
practices, for the most part, are based upon incomplete data 
obtained empnically, and relatively little is known of the nature 
of the action of the fungicides or the factors that influence then 
effectiveness Satisfactory conti ol of plant diseases cannot be 
achiev ed until w e know much more than we do now about their 
natuie and the factors that influence their development 

A Neglected Borderline Field—There is no aspect of the 
study of plant pathology more fundamentally impoitant than 
that dealing with the methods by which diseases aie transmitted 
and the lelative significance of each method Successful control 
measures, with few exceptions, are dependent upon a knowledge 
of these facts Yet the subject has received only casual treat¬ 
ment, and the facts of transmission are known thoioughly foi 
only a relatively small number of diseases The lole of insects 
m the spread and development of plant diseases has been espe¬ 
cially slow m receiving the attention that it deseives Plant 
pathologists have been inclined either to avoid a study of insects 
associated with diseases or to treat the problem m a veiy super¬ 
ficial mannei This attitude has lesulted m the neglect of a 
field of study that is veiy important m phytopathological 
leseaich 

The pioblem has been neglected to an equal degree by the 
entomologists Economic entomology, like phytopathology, is 
i datively young, and workers m this field also, until quite 
lecently have been engaged m the descriptive aspects of then 
science They have been so greatly concerned with the direct 
injury to plants by insects that they have had veiy little time 
for the study of the more obscure injury caused by insects acting 
as vectors of plant diseases It is safe to say that the subject 
of insects m then relation to plant diseases has received no more 
attention from the economic entomologist than it has from the 
phytopathologist 
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Phytopathology and economic entomology have one large 
pioblem in common, namely, the pioblem of plant piotection 
Workers m both fields are concemed with pioteetmg oui agn- 
cultuial crops against those mnumeiable pests which take such 
a laige annual toll from the faim income In spite of this 
common inteiest m a pioblem of such vital impoitance to human 
v elf are, the two sciences have widely divergent viewpoints 
These different viewpoints can be explained paitly by the origin 
of the two blanches ot science Only a few generations ago, 
biology was considered a highly specialized subject, and it was 
possible foi one man to obtain a fair masteiy of the entire field 
As science progressed, the sum total of biological knowledge 
mci eased so rapidly that one man no longei could master the 
whole field Specialization and dmsion of laboi became neces¬ 
sary The first division separated biology into botany and 
zoology With the continued rapid growth of science, each ot 
these has since been divided and subdivided into a bewildering 
number ot branches, each branch having its own techmque and 
vocabulary 

Phytopathology is essentially a botamcal science whereas 
economic entomology is a zoological science Today tw o young 
students of biology start out togethei but very soon they come 
to the parting of the ways, one traveling the road of a zoologist, 
the othei that ot a botanist After years of training one becomes 
a plant pathologist, the other becomes an economic entomologist, 
and they meet again, faced with the common pioblem ot plant 
protection They both realize the necessity of working togethei 
and attempt to cooperate, but unfortunately 4 they don’t speak the 
same language 77 In the course of then training their viewpoints 
have become too widely separated and too greatly specialized 

This situation has resulted m the neglect of a large field ot 
information that is vital to the solution of many problems of 
plant protection As the two sciences have advanced steadily, 
there has been leit behind a large 4 ‘no man 1 '- land" m which are 
many unsolved riddles and unanswered questions One ot the 
most important of thebe neglected borderline problems is that 
of the relation of insects to the spread and development of plant 
diseases 

Nearly fifty years ago, Waite (1891) first established the fact 
that insects w T ere ot significance as vectors of plant diseases by 
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demonstiatmg that fixe blight of peaxs is tiansmitted by bees 
At approximately the same time, it was discovered that insects 
and othei aithropods were of veiy great impoitance as vectois ol 
diseases of man and other animals Yet despite the significance 
of these early discovenes, progress m the study of insect trans¬ 
mission of plant diseases has been lelatively slow The plant 
pathologist with his vague knowledge of insects has found it too 
easy, when faced wnth an insect-disease complex, to shirk his 
lesponsibihty by saying, “That’s up to the entomologist ” In 
a similar mannei, the entomologist has found it equally easy to 
a\oid any problem that might involve a mycological 01 bacteno- 
logieal study It is obvious to one familiar wnth the phytopatho- 
logical and entomological literatuie that this attitude often has 
delayed foi many years the diseoveiy of important facts of 
insect-plant disease relationships For the pui pose of illustra¬ 
tion it may be w T ell to mention a few r examples 

The seed-corn maggot has been studied extensively by ento¬ 
mologists who were well aw*are of its association with decayed 
plant tissue, but until lecently the insect has been considered as 
a scavengei attacking only decayed plants (Schoene 1916) In 
spite of the almost constant association of the insect wuth potato 
plants affected with bacterial soft rot, it w r as completely ignored 
foi many years by all plant pathologists wdio studied the disease 
The failure to recognize the significance of the association can 
be attributed largely to the pievalence of the idea that the insect 
fixed entirely as a scavenger It was only v r hen the insect and 
the bacterial disease weie studied together that the tiue relation¬ 
ship was discovered (Leach 1926) 

The bacterial wilt of corn has been studied by plant pathol¬ 
ogists since 1897 Early wrnrk led to the incorrect conclusion 
that it was entirely seed-tiansmitted Its true methods of 
transmission W'eie not known until quite recently Long before 
it was discovered that the disease is transmitted by the com flea 
beetle the injury caused by this insect w^as described by ento¬ 
mologists m terms that leave no doubt of the fact that bactenal 
wilt was present but unrecognized Forbes (1905), describing 
the injury to sweet com caused by the flea beetle m 1891, stated 
that “whole fields w^ere waited more or less and some hills entirely 
killed 7 This striking injury w'as attributed to the insect alone 
without mention of a disease Metcalf and Flint m 1928 
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descnbed flea-beetle mjuiy as follows “The green poition of the 
leaf is eaten, giving the whole plant a bleached appeaiance, 
growth is letarded, and the leaves wilt even duiing vet weather 
Every plant pathologist will lecogmze this as a good descuption 
of the symptoms ol bacterial wilt 

The destructive hoppeibuin of potatoes was confused foi 
many years with tipbuin and attubuted entnely to the effects 
of excessive transpnation In 1918 Ball shoved that the gieatei 
part of the injury attubuted to “tipbuin ’ was caused by the 
feeding activities of the leaf hopper (Empoasca fabae Hams) 
Had plant pathologists who studied the condition been less 
reticent m observing the insects the true cause pi obably v ould 
have been discoveied soonei 

The fungi causing blue stain of conifeious wood have been 
studied by forest pathologists foi many vcais but it was not 
until 1929 that these fungi veie shown to be pathogenic to 
living tiees Although then association with the baik beetles 
had been observed, the significance of the baik beetles as vectors 
of the fungus was not discoveied until an entomologist questioned 
the ability of the beetles alone to kill the tiees so lapidly (Craig¬ 
head 1928) Woik done m lesponse to tins question showed 
that the death of the trees vas caused piimanly by the blue 
stain fungus introduced into the sapvood by the bark beetles 
(Nelson and Beal 1929) 

The Need for Cooperative Effort —The discos eiy of the nature 
of vims diseases of plants and the role of insects m the tians- 
mission of vnuses ha-> gieatlv stimulated the intei e*i of both 
entomologist and pathologist m the geneial subject of insect 
transmission of plant diseases The appearance m Em ope and 
America of the destructive and spectaculai Dutch elm disease, 
vhich is so dependent upon insects foi its spiead and develop¬ 
ment, also seived to focm the attention of both gioups of voikeis 
on the pioblem The necessity foi coopeiation between ento¬ 
mologist and plant pathologist m the solution of the^e bordeilme 
pioblems is now generally recognized by both gioups, and the 
need has been expressed m the hteiatuie on numerous occasions 
For various reasons, however, the present situation leaves much 
to be desned It is one thing to talk of cooperation and anothei 
thing to cooperate In fact, so much has been said and vixtten 
xn recent years about cooperation m research that the word, to 
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some extent, has fallen into disiepute Coopeiation often woiks 
much bettei on papei than m piactice In oidei to avoid the 
difficulties of coopeiation, we often plead foi cooidmation of 
effoit This sounds much bettei but is often moie difficult, for it 
lequnes a great deal of earnest coopeiation befoie ve can have 
successful coordination But despite all these difficulties theie 
is, and has been, a fair amount of leal and successful cooperation 
m scientific lesearch 

The failure or lack of coopeiation may be caused by many 
different factors The human or peisonal element is perhaps 
the most common of them all and the most difficult to overcome 
Othei causes may be admimstiative, political 01 , as indicated 
above, largely a matter of tradition However, it is the authoi’s 
behef that the greatest success m the solution of borderline 
pioblems cannot be achieved by the expedient of coopeiation 
alone Cooperative woik is sometimes attempted on the prin¬ 
ciple of strict division of laboi m which all “entomological” 
work is done by the entomologist and all “phytopathological” 
work by the phytopathologist This type of coopeiation nearly 
always is doomed to failure In the study of the 1 elation of 
insects to plant diseases, such strict division of laboi is not 
practical For the greatest success, the invisible, though very 
real, vail separating the two fields of leseaich must be broken 
down This may be rathei difficult, but it can be done 

A first step xn this dnection would be a liberalization of the 
narrow professional viewpoint, which m effect often hangs out 
a sign reading, * This is the phytopathological field, entomo¬ 
logists encioach at then own nsk” or “This is the entomol¬ 
ogical field, all phytopathologists keep off ?? Such a viewpoint 
may simplify some of the pioblems of organization, but it is not 
conducive to the solution of these neglected, but mutually impor¬ 
tant problems The necessity for veil-defined fields of leseaich 
with corresponding responsibility and authonty is xecogmzed 
Such responsibility and authority are necessaiy, not only foi 
efficient admimstiation, but also for the existence of the guild 
spirit so important m scientific reseaich Nevertheless, when 
attempts aie made to diaw too sharp a line between related fields 
of aetmty many pioblems of vital importance and significance 
usually are neglected 
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A second step would be a modification of oui educational pio- 
cediue so that research workers would be given the viewpoint 
and flaming m techniques nece^aiy foi the solution of the 
pioblem m hand The woikei should have a thoiough knowl¬ 
edge of the essentials of both entomological and miciobiological 
techmques Instead of placing the emphasis upon training 
entomologists 01 plant pathologists, some of the workers should 
be given the traimng and viewpoint necessaiy fox the solution 
of this particulai kind of pioblem, namely, the role of insects m 
the spiead and development of plant diseases It is not pro¬ 
posed that w^e tram mental giants who can master both fields of 
knowledge, but lather workers who have a sufficient grasp of the 
essentials of both sciences for the solution ot this particular 
kind of pioblem When these qualifications aie combined in 
one man, many of the difficulties of coopeiation will be avoided 
No claim is made foi the novelty of the idea, for already it has 
met with considerable success in the solution of other borderline 
pioblems 

The Complex Nature of the Problem —The pioblem of insects 
m ielation to plant diseases is by no means a nairow and restricted 
field It includes the study of many questions of bi oad biologic 
significance Insects and plants, including micioorgamsms, have 
been closely associated throughout then evolutionary history 
In the couise of their evolutionary development many different 
types of insect-plant associations, with varying degrees of com¬ 
plexity, have arisen Some of these have a direct and funda¬ 
mental bearing on the problem of disease transmission For 
example, the phenomenon of entomophily 01 insect pollination 
of flower mg plants, is a biologic association that has much m 
common with the insect dissemination of plant pathogens The 
two associations are strikingly similar m many respects A 
student of insect transmission of plant disease wall find much of 
stimulating interest m a study of insect pollination of flowering 
plants Similarly, the subject of symbiosis between insects and 
micioorgamsms is of vital interest to anyone concerned with the 
study of insect transmission of plant diseases There aie numer¬ 
ous examples of insect transmission of plant pathogens m wdnch 
there is a condition of mutuahstic symbiosis between the patho¬ 
gen and its insect vector For every known association between 
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insect and pathogenic miciooiganism, theie aie numerous similar 
associations between insects and nonpathogemc microorganisms 
The fundamental biological pimciples aie usually the same m 
both cases Fox these leasons, the whole categoiy of mtenela- 
tionships between plants and insects is considexed fundamentally 
significant to a pioper study of the pioblem of insect tiansmission 
of plant diseases The association of insects with plant patho¬ 
gens is only one of seveial such i elationships A peispective of 
the entne gioup of insect-plant associations is essential to the 
best undeistanding of any paiticulai one 

When insects aie concerned m the tiansmission of a plant 
disease, thiee oigamsms often aie involved the plant (the sus- 
cept), the pathogen, and the insect \ectoi The association may 
be, and usually is, moie complex than one would conclude fiom 
a casual study Foi a thoiough undei standing of the association, 
the moiphology and physiology of all thiee organisms must be 
reasonably well undeistood Under oui piesent plan of graduate 
study, veiv few students of either phytopathology 01 entomology 
aie sufficiently well giounded m the subjects of plant anatomy, 
plant physiology, miciobiology, insect moiphology, and insect 
physiology to undei stand cleaily the significant biologic piocesses 
involved m such an association Moieovei, simple morphologi¬ 
cal and physiological piocesses often take on entnely new aspects 
when involved m such a three-way association 

It is a pi mciple well recognized m plant pathology that, m the 
study of the epiphytology of a plant disease, one must considei 
the influence of the envnonment not only on the suscept and on 
the pathogen but also on the interaction of the two When a 
third living oigamsm the insect vector, is mtioduced, the ecologi¬ 
cal relations aie complicated to a suipnsmg degiee, and new 
lands of pioblem anse The ecological aspect of msect-tians- 
mitted plant diseases is a field of investigation that is yet to be 
exploited extensively This phase of the msect-tiansmission 
problem has been studied moie completely m connection with 
the euily top of sugai beet than any othei disease A study of 
the ecology of the vegetation on weedy, abandoned faim lands 
and the problem of overgrazing aie sublets that would have had 
very little interest foi plant pathologists m the eailier studies of 
curly top Because of their relation to the insect vectoi of the 
disease, these studies aie now impoitant aspects of the curly-top 
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investigations X diffeient type of ecological study is xepie- 
sented also by the woik of Fife and Fiampton (1936) They 
showed that the pH giadient from the phloem to the parenchyma 
of the beet leaf is a factoi deteimining the tissues ted upon by 
the leaf hoppeis This ecological study has thiown much light 
on the problem of insect tiansmission of cmly top and may help 
explain the high degiee of specificity often found m insect tians¬ 
mission of vnuse^ 

The study of the moie detailed lelatiomhips between inject 
\ectois and the diseases tiammitted by them include^ man} 
pioblems, the solution ot which is definitely limited by the lack 
of satisfactoiy techniques Xo science can advance moie lapidf} 
than the techniques available 101 its study The desired tech¬ 
nique may be a combination of methods pecuhai to miciobiology 
and entomology 01 something entirely new These pioblems 
of technique offex unique oppoitumties foi those woikers who 
appioach them with the piopei backgiound ot tiaimng and 
expei lence 

The discovery that insects aie concerned m the tiansmission 
of plant diseases was made at appioximately the same time that 
it was demonstiated that insects could tiansnnt diseases oi man 
and othei animals, but study oi the subject has piogiessed some¬ 
what moie rapidly m the field oi animal pathology than it has m 
plant pathology This diffexence may be explained m part hv 
the gieater value placed upon the hie and health oi man and his 
domesticated animals as compared with that oi plants How¬ 
ever, the pnnciples involved m insect tiansnnsmon of the two 
gioups of diseases m so iai as they aie compaiable, aie strikingly 
similar The student of insect transmission oi plant diseases can 
learn much fiom a study of the known facts about insects as the\ 
are concerned m the spiead oi the diseases ot man and othei 
ammals 

The importance of insects m the tiansmission of the diseases of 
man has lead an mcieasmgly large nunxbei oi investigators into 
this field of i esearch These mvestigatoi s ai e ti amed m the fund¬ 
amentals of both entomology and medical science They have 
for their goal the solution of a paiticulai kind oi pioblem, namely, 
the role of insects m the spiead and development of diseases of 
man Their work has contiibuted much to the remarkable 
advances m medical science m the past iew decades It would 
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seem that the time is upe foi a similai development m the field of 
plant pathology 
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CHAPTER II 


THE INTERRELATIONSHIPS OF PLANTS 
AND INSECTS 

Plants and insects have inhabited the earth together for mil¬ 
lions of 3 r eais Dui mg this time, each group has undergone 
extensive evolution A few relatively simple kinds have given 
use to almost innumerable species with a icmaikable complexity 
of form and function The most important factors m determin¬ 
ing the couise of this evolution have been the intense struggle foi 
existence and the met itable natuial selection Plants and insects 
have lived m close association undei conditions that led to main' 
types and degiees of intei dependence Because of the survival 
value of some of these associations progressive evolution m the 
direction of gieatei interdependence has taken place Conse¬ 
quently many diverge and complex interrelationships between 
plants and insects arose and some of them have survived to the 
present time 

We are interested heie primarily m those associations m which 
the insect is concerned m some way with the spread 01 develop¬ 
ment of plant diseases, but a satisfactory discussion of this 
relationship depends to some extent upon a knowledge of the 
other kinds of association For this reason, a brief analysis of 
the various inter relationships of plants and insects is given 

The numerous interrelationships ol plants and insects may be 
classified conveniently m the following six groups 

1 Insects that feed upon plants (phytophagous insects) 

2 Plants that feed upon insects ientomophagous plants) 

3 Plants that cause diseases of insects 'entomophthorous plants'* 

4 Plants that are pollinated by insects f entomophilous plants.) 

5 Insects and pi mts that live in sv mbiosis 

6 Insects that disseminate plant pathogens or aid in the development of 
plant diseases 

1 PHYTOPHAGOUS INSECTS 

This is perhaps the best known and most universal insect-plant 
relationship Insects, in common with all other forms of animal 

li 
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life, aie eithei dnectly 01 mdnectly dependent upon plants foi 
food Plants, by vntue of then ability to fix the energy of the 
sun thiough the piocess of photosynthesis, aie ultimately the 
source of the food foi all animals Neithei insects noi any othei 
form of animal life could sui vive if thei e wei e no plants Insects, 
m feeding upon ciop plants, inflict losses amounting to many 
millions of dollais annually One needs only to mention such 



Fig 1 —A typical chewing insect the Mexican bean beetle (Epilachna corrupta 
Mulsant) Fi\e lar\ae and one adult bettle feeding on a bean leaf 

example^ as the grasshoppei, the chinch bug, cutwoims, and 
white guib* to pictuie this aspect of the lelationship Insects 
feed not only on living plants but also on all types of stored plant 
product All kinds of plant fiom the smallest miciooiganism to 
the largest tiee aie utilized by them Insects feed m many 
different ways Some, such as giasshoppers and beetles, chew 
the plant tissues and digest them (Fig 1), others, such as aphids, 
leaf hoppers, and chinch bugs, punctuie the plants and suck the 
sap from the living cells (Fig 2), still others, including bees, 
wasps, and butterflies feed upon nectai and othei plant exudates 
Fig 3) Whatever the method of feeding, the insects are usually 
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highly specialized foi the utilization oi some paiticulai kind oi 
plant or plant product 



The insect’s beak is penetrating deep mto the tissues of the plant irom ^h*ch 
cell sap is being dra-an (After Houser Guyton, and Loury ) 


In addition to the dnect destiuetion of tissue hy feeding 
many phytophagous insects mdneetly destioy plants by bleeding 



Fig 3 —A hone\bee sipping nectar from an apple blossom A representatn e 
of a large group of insects that feed upon plant products without mounding the 
plant tissues 

m the tissues Some species spend much of then life span boimg 
or mining m some pait oi the plant and often cause as much 
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damage m connection with bleeding operations as they do by 
direct feeding (Fig 4) 

Some insects aie polyphagous, feeding upon an almost unlimited 
number of plant species Otheis are ohgophagous , feeding upon 
a limited numbei of closely 1 elated plant species Still otheis, 
such as ceitam species of aphids, aie polyphagous dm mg one 
season 01 one stage of development and ohgophagous duimg the 
otheis A few insects lestuct then feeding to a single species 01 
vanety of plant and aie classed as monophagous The number 



a red pine tree 


ot diffeient inject species that may feed upon a single plant 
-peeies vanes widely Some plants such as poison ny [Rhus 
toxicodendron (Tourn) Mill] serve as food foi less than half a 
dozen insect species, wheieas otheis, foi example, the oak and 
apple, aie hosts foi tour 01 five hundred different species 

The injury caused by insects that attack cultivated ciop plants 
f s ,° gieat that one often overlooks the fact that some insects 
feed upon and destroy noxious plants Those feeding upon the 
various species of cactus ( Opuntia spp ) have rendeied notable 
service m the control of these plants in Austraha fPrickly-Pear 
Land Commission 1925 to 1932) Several species of Opuntia 
were introduced into Australia about 1840 as ornamental plants 
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They escaped and multiplied as weeds so rapidly that by 1870 
they weie out oi conti ol Laigely because of the absence of 
natuial enemies, they continued to spiead until moie than 
60 million acies of land were made unfit foi agncultuial puiposes 
The cactus plants, especially those of Opatdia enenms and 0 
stnda , giew m such dense masses that all oidmaiy eultmal 
practices weie ineffective m pi eventing then spiead The insect 
enemies of Opunha weie then mtioduced fiom Te\a^ and Aiaen- 




Fig 5 —\ dense infestation of pnckrv pear (Opunha inermis 1 before sub¬ 
jected to the attack of the insect, Cactoblastis cactorum Compare with Fig 6 
{Ajter Dodd ) 

tma, and they togethei with the miciooigamsms that they tians- 
mit have been so effective that approximately twenty-five 
million acies have been reclaimed and further spiead of the 
cactus has been checked (Dodd 1927,1933 1936) Of the insects 
mtioduced, the Argentine moth borer (Cactoblashs cactorum 
Berg ) has been by far the most effective (Figs 5 and 6) 

This outstanding success of cactus control by insects m 
Australia has focused the attention of entomologists upon the 
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influence of insects on the gxowth of weeds undei natuial condi¬ 
tions and the possible use of insects in the conti ol of othei noxious 
weeds In geneial, the most noxious weeds are those which 
have been imported into a new legion wheie their insect enemies 
have not become established Often they aie not consideied 
noxious m their native habitat, and it is entirely possible that 



Fig 6 The same area of pnckly-pear infestation shown m Fig 5 three years 
later after infestation with Cactoblastis cactorum The prickly pear plants ha\e 
been destroyed bj the insect and the microorganisms transmitted by it, insert 
adult and larva of C cactorum (-ifter Dodd ) 

then noxious ehaiactex would be gieatly deci eased if the msects 
and other pests that feed upon them m then native home w T eie 
introduced to the new locality This possibility has been 
investigated only supeificially but is worthy of fuither study 
Insects are also important scavengers and consume many kinds 
of dead plant tissue that would otherwise accumulate in exces¬ 
sive amounts Ants are said to be of especial importance m this 
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respect m the tropics Insects and fungi usually aie closely 
associated m the destruction and decomposition oi plant remains 

2 ENTOMOPHAGOUS PLANTS 

A number of plant specie^ reteise the usual order of things by 
feeding upon insects Plants that feed upon insects aie by no 
means so numeious as msects that consume plants, yet at least 
five hundred species of entomophagous plants are known (Kernel 
and Oliver 1895) Charles Darwin was among the first to study 
these plants, having published an extensive account of them m 
1875 This unusual plant-msect relationship is primarily oi 
academic interest, for the number and kind of msect consumed 
by plants are of little economic significance to man It is of 
interest chiefly foi the intricate and highly specialized anatomical 
and physiological adaptations possessed by the plants, which 
enable them to trap the insects and to digest them It illus¬ 
trates the extent of interdependence between insect^ and plants 
and indicates the range of possibility m the evolutionary develop¬ 
ment of the interrelations between insects and plant pathogens 

The mechanisms used by plants m trapping injects are of 
several different types For convenience, these may be classified 
into three geneial groups One group captuies msects by means 
of sticky exudate& on the leaf surfaces A second group entraps 
the insects mechanically by vanous structural modifications and 
involves no unusual movement of the plant parts The third 
group entraps the insects by special movements of modified 
leaves 

The flycatcher (.Diosophyllum spp ) is a good example of the 
first group The stems of this plant are covered with stalked 
glands that secrete dewlike drops of a very sticky fluid Insects 
attracted by this exudate alight upon the stems, become entan¬ 
gled m the sticky fluid, and cannot escape iFig 7) After an 
msect is caught, a second type of gland secrete^ an acid fluid, 
rich m enzymes, which dissolves and digests the entire insect 
body with the exception of the chitmous exoskeleton The 
secreted digestive fluids along with the dissolved msect body, 
are then reabsorbed by the plant cells The sticky fluid also is 
temporarily reabsorbed, and the chitmous remains of the msect 
fall off or are blown away by the wind This plant grows m diy 
places m Portugal and Morocco, where the natives have long 
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used it m catching flies, its action being based on the principle 
of the -\vell-knot\n “tanglefoot ” 

The pitcher plants (Sanacenia, Daihngionia , Nepenthes , etc) 
entiap insects by special anatomical adaptations, voikmg on the 
principle of a pitfall The pitfall is formed by elaboiate modifi¬ 



cations of the leaf petioles and assumes a gieat vanety of foims 
(Fig 8) The leaf lamina is usually small and often foims a 
canopylike covering over the mouth of the pitfall The pitfall 
consists of three essential parts (1) a device foi allmement of 
insects, (2) an arrangement for entrappmg the insects and for 
pre\ entmg their escape, and (3) a means of digesting the prey 
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The allmement is accomplished by means sinulax to those used 
by entomophilous plants to attiact insects to floweis Xeai the 
opening of the “pitchei/ 01 pitfall, theie is often a spot of bright 
toloi, usually puiple, yellow, gieen 01 white Diops of nectar 
are secieted aiound the 11 m of the pitchei, and theie is often a 
nectai-baited pathway, fiom the giound to the mouth oi the 



Fig S —Pitcher plants A Xeptnthes villosa , B, Sarracenia mriolans, C, 
Darhngtoma cahformca, D, lacunata The petioles are modified to function 
as pitfalls m which insects aie entrapped Thej are usualh partb filled with a 
liquid rich m pioteohtir enzMiies that digest the »isects ( \ittr Ktnnr ard 
Oluer } 


pitchei, that attiaits wingless imccts and lead** them to tin 
pitfall 

The entiappmg de\ ice consists oi a vanety ot special stiuc- 
tures The inside oi the nm of the pitcher is usually formed by 
a senes of smooth bustler? pointing dowmwaid The inside walls 
are often lined with similax bustles or with sticky glandular bans 
(Fig 9) Theie is always a quantity of liquid m the bottom of 
the pitcher into which the insects fall and eventually drown 
The modified eanopvlike leaf lamina cuts off the direct light 
fiom the opening, adding to the difficulty of escape 
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The means of digestion hare not been deteimined foi all 
species of pitehei plants In some species, the piesence of 
pepsin and acid has been demonstiated Digestive enzymes are 
piobably secieted by most species, but putiefactive bactena 
aie often found m the liquid, and it is piobable that they also 
aie involved m the digestion of tiapped insects 

The butterworts (Pinguicula spp ) catch insects m a manner 
similar to that of D/osophyllum except that a definite motement 
of the leaves is involved There aie about foity species of this 
plant found mostly in moist locations m arctic and subarctic 
legions The plant grows as a losette cvith flat oblong leaves 



Fig 9 —Downward-pointing spines found along the inner walls of the pitfalls of 
\ arious species of pitcher plant (After Kerner and Oliver ) 


lying prostrate on the ground The uppei suitace of each leaf 
is covered with two types of gland, a stalked one secietmg a 
sticky fluid that attracts and holds the insect and a sessile one 
that secretes the digestive fluid (Fig 10) The lattei fluid is 
secreted as a dueet lesponse to the specific stimulus of a foieign 
mtiogenous -substance piesent on the leaf After the insect is 
caught, the edges of the lea\es usually cuil up v aid and inward, 
covering the smallei insects oi pushing the laigei ones tow r ard 
the center of the leaf where the glands are more numerous 
The digestive fluid is neh m the enzyme causing rennet coagula¬ 
tion of milk The plant is said to have been used by the Lap¬ 
landers as an addition to milk m making a popular milk delicacy 
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The sundews, comprising the vanous specie^ of Dioseta , hate 
a very delicate mechanism foi entiappmg insects The insects 



Fig 10—A diagiammatic cross section ot a butte^wort iea^ shoeing the 
stalked glands (a) which secrete the stich\ fluid that entangles the insect 
When an insect is entrapped the margins ot the leaf curl a^d toward the 
nud-\ em, and digestive enzymes are secieted b\ a second set ot glands <h 
(After Kerner and Ohier ) 

aie trapped by leaves that glow a& a xosette and lemam pi opiate 
on the giound (Fig 11) 

Each leaf of the rosette is 
bi oad and spatulate at the tip 
The uppei suiface of the bi oad 
pait of the leaf is cot eied with 
about two hundied led ten¬ 
taclelike filaments, each with 
a drop of glistening sticky 
liquid at the apex (Fig 12a) 

Insects attracted to the glisten¬ 
ing diops alight on the leaf 
and become entangled m the 
fluid As soon as the insect is 
caught the tentacles stait 
bending inv ai d m a way that 
brings then tips with the 
sticky liquid in contact with 
the piey Within a few min¬ 
utes, all the tentacles aie 
pointing imtaid and touching 
the insect (Fig 125, c, and d) 

The sticky fluid is secieted m mci easing amounts and the insect 
is soon completely covered This movement takes place only in 



Fig 11 —A plant of the Sundew 
(Drosera sv ) shownng the rosette of 
spatulate leaves that catch and digest 
insects {Alter Broun , oy courtesy of 
Ginn and Company » 
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i espouse to a mtiogenous substance The xesponse is evtiemely 
specific, as the tentacles will not lespond to such objects as sand, 
xamdiops 01 othei nonmtiogenous mattei, yet Mooo P ai ^ of a 


Fig 12 —Leases of the sundew iDrosera) showing the method of entrapping 
insects A, a leaf with the tentacles fully expanded each tentacle bearing a 
drop oi stickx exudate at the tip, B and C, lea\ es shots mg stages m the capture of 
an insect In B, the insect has alighted on leaf and is becoming entangled m 
the sticky exudate Note the tentacles bending inward moxmg the insect 
toward the center In C, the insect has become thoroughly cohered with the 
exudate and has ceased to struggle In the final stages, D, the tentacles all bend 
inward completely en<losing the insect which is digested by enzymes m the 
secreted Lquid Approx 3 X (From the instructional sound film , “Plant 
Tra<jb , produced op E)pi Classroom Films , Inc) 

milligram of ammonium carbonate will cause them to bend 
^ ^- ei1 inject victims have been digested, the tentacles stiaigh- 
ten out and resume their original position 
The bladderworts ( Ltncularia spp ) catch insects and other 
small w atei animals in a valvular trap They are mostly xootless 
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watei plants that float neai the sin face of the watei in summei 
and sink to the bottom as doimant buds m wnntei Along both 
sides of the long lateral stems aie borne bladderhke stiuctuies 
open at one end (Fig 13) The open end is sunounded by 
bristles m position to form a funnel duecting the victims toward 



Fig 13 —A portion of a branch oi bladdersort {Ui^tcu^ana vulgaris* Fne oi 
10 aem e bladders contain, mosqmto lar\ ae {Ajttr Matheson ) 

the entrance The opening is fitted with a valvelike trap dooi 
thiough which the insects or othei oigamsms aie drawn The 
mechanism of the trap of Ut/ iculai m has been studied extensively 
by several workers, but the investigations of Lloyd (1929, 1932, 
1933, and 1935) are the most exhaustive and conclusive Earhei 
writers interpreted the trapping mechanism as a simple valvular 
trap door through which the insects forced their way and then 
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vreie unable to escape (Kernel and Oliver 1895), but later work 
has shown the mechanism to be of a moie complex natuie 

Aceoidmg to Lloyd, the tiap dooi, when in a set position, rests 
upon the outei edge of a threshold and forms a watei tight seal 
(Fig 14) The senupeimeable walls of the bladdei pump the 
watei out of the lumen, a negative piessuie within being thus 
foimed This negative pressure is sufficient to cause the walls 
to bend mwaid, and the piessuie also holds the door firmly in 



Fig 14 —Diagrammatic sketch of the bladdei of Utricularia showing the 
mechanism of the trap a, dooi of bladder, b , interior of bladder, c, attachment 
of door to wall of bladder, d, threshold, e, exfoliated cuticle that makes a water¬ 
tight seal between door and threshold /, trigger hairs When the insect pushes 
down on the tugger hairs, thev act as a le\ei, raising the free edge of the door 
abo\e the threshold and break the seal The pressure of the water forces the 
door inward and upward against the roof ig), and the insect is sucked m with a 
stream 01 water (Ajttr Lloyd ) 

place The seal of tiie dooi is made watei tight by a thin veil of 
exfoliated cuticle on the thieshold against which the door lests 
Thiee 01 four stiff bustles arise fiom a thickened plate neai the 
middle part oi the lower fiee edge of the dooi and point outwaid 
The^e bristles are attached at such an angle that a slight move¬ 
ment of their free ends exeits sufficient leverage to raise the lowei 
edge of the dooi and bieak the seal When this occms, the 
piessure of the water from without forces the dooi inward, and 
the walls of the bladder expand to their normal shape A 
stream of water is drawn into the bladder, and the insect that 
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moved the triggei bans is diawn m with it As soon as the 
bladdei i& filled with watei, the dooi slowly xetuins to its oiigmal 
position, and the walls stait pumping the watei out until the set 
condition is again leached This usually xequnes about 15 to 30 
minutes The tuggei hails accoidmg to Lloyd (1932), aie 
entnely mechanical m then action opeiatmg as levers to lift 
the bottom edge of the dooi and bieak the watei tight seal The 
response is not one of nutation as m the Venus Vflytiap 



Fi(jr 15—\ enus s-fl^tiap (Dionaea muscipula' Approx X {After Broun 
by courtesy oj Ginn and Company > 

The inside walls of the trap aie supplied with glands that 
secrete the usual proteolytic fluid to digest the insects In 
addition to insects, many oxhei aquatic animals are caught and 
consumed Mosquito laxvae aie among the most common insects 
caught by the bladdenvorts and it is claimed by some observers 
(Matheson 1930) that these plants play an impoitant pait m 
mosquito conti ol m eeitam localities, thus aiding m the conti ol 
of malaiia 

The Venus’s-flytrap iDionaea museipula) is peihaps the most 
striking of all the entomophagous plants This plant occuis in 
nature only in a nairow snip of country along the east coast ot 
Xoith America m and neai peat bogs It like the sundewp grow & 
m the form of a rosette (Fig 15) Each leaf consists of a flat 
spatulate petiole and a roundish lamina divided by the mid-rib 
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into tuo symmetrical halves inclined to each othex at an angle 
of 60 to 90 degiees, like a half-open book The maigms of the 
la.mma. beai fiom ten to twenty long shaip spines In the centei 
of the uppei suiface of each half of the leaf, theie are thiee 
t-hoiter spines, or tuggei hans The entne uppei surfaces aie 
coveied with still shoiter glandulai structures that aie coloied 
puiple and aie capable of seeietmg a sticky liquid (Fig 16) 
When the insect attiacted to the leaf by the puiple coloi and 
the sticky liquid touches one of the six spines m the centei of 
the leave 5 - the two lamina fold togethei tightly and the insect 
is entiapped (Fig 165) The menement is lather slov, 10 to 30 



Fig 16 —The c mapping apparatus of \ enus s-fl>tiap and the closely ielated 
A'droiandia A, an expanded leaf of Venus s-fl>tiap B, a aoss section of a 
closed leaf C one of the sensitne bristles of the uppei suiface of the leaf, D, 
an expanded leaf oi Aldroiandia E , section of a closed leaf (After Renter and 

Ohter i 

seconds being lequned foi the tiap to close completely, but the 
nit ei locking spines along the maigms pi event the escape of the 
insect, and the tiap is very effective As soon as the insect is 
tiapped, the glands begin seeietmg the digestive fluids The 
leaf lemains closed until the soft tissues of the insect body aie 
completely digested and the liquid leabsoibed a piocess that 
may require tv o weeks or moie The leaf then opens and is soon 
leady to entrap anothei insect 

These examples of entomophagous plants will suffice to illus¬ 
trate the exceedingly complex and intricate nature of this type 
of mteiieiationship between plants and insects It is evident 
that the entomophagous habit of these plants must hat e arisen 
thiough a long process of evolution It is significant that 
piactically all species of entomophagous plant are found m natme 
on -oils deficient m available nitrogen In all probability, the 
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need of a uchei source of nitrogen by the plants has been the 
dnectmg influence m the origin of the lelationship 

Nematode-entrapping Fungi—Although nematodes aie not 
insects, they may seive as vectors of pathogenic fungi as pointed 
out m Chap XI In view of this fact, it is of intei est to know 
that ceitam fungi have evolved special adaptations foi entrapping 
and consuming nematodes Sherbakoff (1933) has described 
a remarkable soil fungus (Anulobponum nematogennm ) vith 
img-shaped spores that function as nematode traps The ring- 
shaped comdia that are set free m the soil have a diameter some¬ 
what less than that of a nematode s body The nematode m 
moving through the soil gets a ring ovei the taper mg anterior 
part ot its body but is unable to pass entirely through it By the 
movement of the nematode the ring is pushed faithei and farther 
back ovei its tapenng body, forming a distinct constriction 
The comdia then germinate and send hvphae into the nematode s 
body which is lapidly consumed by the fungus Further studies 
of related nematode-entrappmg fungi have been made by 
Diechslei (1933a, h c, 1934, 1935 1936), Couch 1 1937) Lmtoid 
and Oliveira (1938) and Lmtord and Yap 1939) 

3 ENTOMOPHTHOROUS PLANTS 

Insects, like other torms of life, aie subject to disease In 
general, the diseases of insects are caused by the same kinds of 
microorganism that affect other animals or plants namely, 
bacteria, fungi, viruses and protozoa The bacteria and fungi 
are plants, the nature of the viruses is not definitely known and 
the protozoa belong to the ammal kingdom Some ot the plants 
that cause diseases of insects affect injurious species and benefit 
man by aiding him m the contiol oi these pests Other diseases 
attack such beneficial insects as the honeybee oi the silkvoim 
and are detrimental to the interests of man The diseases of 
insects aie so numerous that a discussion of them all is not 
practical here But with the mew of illustrating another insect 
and plant relationship, a few representatives will be described 
For more extensive treatments of the subject see Paillot (1933) 
and Sveetman 0936) 

Bacterial Diseases of Insects —The best known bacterial 
diseases of insects are probably those that affect the honeybee 
European foul brood is an infectious septicemic disease oi honey- 
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bee lai\ ae and is caused by Bacillus alvei Cheshire and Cheyne 
Affected laivae become soft and lose then noimal shape and 
color At first they turn yellow 01 giay and eventually dark 
biown The internal tissues aie tiansformed into a viscid hquid 
American foul brood of bees is a similai disease caused by Bacillus 
larvae White Both diseases aie of considerable economic impor¬ 
tance causing much loss to the beekeepei of both Europe and 
America (White 1920a, V) Diseases of similar nature have been 
described m a few instances as affecting injurious insects Bacil¬ 
lus sphinqidis White is ciedited by White (1924a) with causing a 
disease of this natuie on the tobacco homwoim {Piotoparce 
sexta Johan ) and the tomato homworm (P qumquemaculata 
Haw ) A septicemia of cutworms caused by Pioteus noduaium 
(White) Beigey et al ha 5 * been descnbed also by White (19246) 

A disease of this general type was discoveied on giasshoppeis 
by D’Heielle (1911, 1912) who descnbed the bactenal pathogen 
and named it Coccobacillus acndioium D’Heielle advocated 
the use of the disease m controlling grasshoppers It was claimed 
that the cultures could be made more virulent by successive 
passage through grasshoppers inoculated by needle injection 
Suspensions of the virulent baetena were used m spraying 
infected fields and the advance ranks of the migiatory hoppers 
Quick and successful results were claimed by D’Heielle, but 
extensive tnals made latei in many parts of the world have 
failed to demonstrate the effectiveness of this method of grass¬ 
hopper control (Ivraus 1916) Barbel and Jones (1915), who 
weie unable to verify the claims of D'Heielle, demonstrated that 
the bacteria were virulent when injected into grasshoppers but 
that they weie not effective when sprayed upon the insects 
without wounding 

Fungus Diseases of Insects.—A relatively large number of 
fungi are known to cause diseases of insects Only a very few of 
them can be discussed here Fungi pathogenic to insects are 
found in the Phvconiycetes, Ascomyeetes, and Fungi Imperfecti 
The Basidiomycetes apparently contain no insect pathogens of 
importance The Phycomycetes include one older, the Ento- 
mophthorales, all members of which are exclusively parasitic on 
insects One of the best-known genera of this ordei of entomoph- 
thorous fungi is Empusa which contains about forty species, 
mostly parasitic on flies Empusa muscae Cohn is the species 
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affecting the common housefly The disease appears most fre¬ 
quently in late summei and fall when the weather is cool and 
the vitality of the fly is low At this time the parasitized and 
dead flies may be observed adhering to window panes and other 
objects surrounded by a halo of white translucent spores that 
have been shot off from the fungus growing m the body of the 
insect (Fig 17) The spores are sticky and adhere to any object 
they touch, including the bodies ol other insects The spores 
germinate, and the mycelium penetrates directly through the 
cuticle of the insect and reaches the blood cavity where hyphal 
segments are formed The segments aie dispersed m the blood 
throughout the body until the entire internal parts are destroyed 



Fig 17 —A flj killed bj Empusa muscat The dead flj btdek to a pane o f 
glass b} the mngus, is surrounded b> a white zone of &po*ea> that ha\e been 
shot off (From Selectman , * Biological Control of Insects, ’ by permission oj the 
Comstock Publishing Company ) 

The spores are formed on the surface of the insect and forcibly 
abjected from the spoiophores 

Grasshoppers, aphids and other insects are often parasitized 
by species of Entomophthora These fungi usually attack the 
insects when the weather is both hot and humid and when the 
insects are oveiciow'ded Under such favorable conditions 
the disease may spread rapidly, killing large numbers of insects 
and it is probably an important factor m natural control of many 
insect species Periodic attempts have been made to use the iun- 
gus m artificial control of grasshoppers The fungus has been 
cultured and sold m tubes 101 use by spraying on insects m the 
field The attempts have been based on the theory that it an 
epizootic is started, the disease wall effectively destroy the insects 
m sufficient numbers to effect practical control In practice, 
however, the attempts have met with veiy little success 
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Theie is abundant evidence that natuially occuinng epizootics 
of insect chseases seive as impoitant means of natuial control, 
but man has not been very successful m producing artificial 
epizootics Claims of success usually have been based on insuffi¬ 
cient evidence, and m most cases the method has not withstood 
careful and critical investigation In geneial, it has been found 
that the fungus is normally present m sufficient quantity to start 
an outbreak if other conditions (high temperature, high humidity, 
and overcrowding) are tavoiable If these conditions are not 
favorable, the apphcation of additional inoculum is of httle or no 
avail Numerous attempts have been made with many different 
diseases of insects, but this has been the conclusion reached m 
nearly all careful efforts to evaluate the effectiveness of this 
method of insect control The most promising outlook foi the 
use of insect diseases m the contiol of insects is by introducing 
the insect pathogens into a locality where they do not noimally 
occur 

In certain sections of Florida, several species of iungus are very 
impoitant m the natuial control of the citius white flies [Dialeui- 
odes citn (Riley and How) and D citnfolu (Moig)] The 
abundant rainfall and high tempeiatures m summer aie very 
iaioiabie for fungus de\ elopment, and the summei broods of 
the injects usually are kept under control (Moinll and Back 
1912) The importance of the fungi m the control of the insects 
is evident wffien the citrus trees are sprayed with Bordeaux 
mixture The spray controls the fungi, and the white flies 
increase with abnormal rapidity The two most impoitant fungi 
are Ascheisoma aleyiodis Webber and A goldiana Sacc and 
Elks The former known as the “red” Aschersonra, attacks 
both species of white fly, while the latter, known as the “yellotv” 
Aschersoma, affects only D citnfolu In 1915, the Florida 
Plant Board began furnishing cultures of these fungi to the 
growers lor use m mfe&tmg the orchards to increase the efficiency 
of contiol Infestations may be started m an orchard either by 
spraying the trees wnth a suspension of the fungus spores or by 
pinning leaves with infested insects to the leaves of nonmfested 
tree* (Watson and Berger 1932) 

One of the more recently reported efforts to contiol an insect 
pest by a fungus disease is that of Dustan (1924), deahng with 
the control of the European apple sucker Psylla mah by Ento- 
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mophthof a sphaet osperma The Euiopean apple sucker is not 
a native of North America and was fiist obseu ed m 1919 m No\ a 
Scotia, wheie it proved to be destructive m apple orchards In 
the following yeai, local epizootics of the fungus diseases were 
obseived In oichards w heie the disease w as present, the insects 
were so ieduced m numbers that little urjuiy was caused to the 
apple trees In 1922 and m 1923, attempts to hasten the spread 
of the disease weie made by introducing inoculum m the form of 
diseased insects into oichards where the disease had not been 
observed It w as stated 

Usually about a w eek after a f planting ’ 1 had been made the fungus 
began to appear m the orchards under experiment Once started it 
spread very quickly and within two or three weeks, depending, of 
course, on the weather conditions was generally distributed throughout 
the orchards At this time no disease had appeared in the checks, 
proving conclusively that the outbreaks m question were due sole!} 
to the artificial spread of the fungus 

The success m this case led to the recommendation that such 
“plantings” of diseased matenal be made by those oichaiclists 
who w r eie troubled by the apple suckei The success obtained 
by Dustan may possibly be explained by the fact that the insect 
was a xecent importation into North America and that on account 
of unfavorable weathei conditions the spread of the disease had 
not kept pace with the spiead of the insect If this were true, 
his “plantings” wmuld have introduced the disease into regions 
where it had not pienously been established In any event it 
appeals that the disease is an impoitant factor m the natuial 
control of the insect, and if it w-eie not pxesent, the insect would 
cause much greater damage than it does 

Among the Ascomycetes, the genus Coidyceps contains about 
tw r o hundred species, most of which are parasitic upon insects 
The fungus mycelium permeates the entne bod}" of the insect 
and forms aenal hyphae and comdia over the surface The 
conidia vary with the species and may be of the Pemcilhum , 
Verticilhum , or Isana type The diseases caused by these fungi 
axe often referred to as the “Muscardme" diseases 

The mycelium within the body of the insect is eventually 
transformed into a sclerotium that keeps the appioximate form 
of the insect The fungus survives the winter in this stage 
usually m, oi on the surface of the soil, and m the spring a stalk- 
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like stroma anses fiom the scleiotium (Fig 18) The penthecia 
aie home embedded m enlaigements at the end of the stioma, 
fiom which the ascospoies aie libeiated into the air A species of 
Coidyceps is oiten found on the white gmbs (.Phyllophagus spp ) 
and may be a natuial contiol factoi m dense populations 

The Laboulbemales of the Ascomycetes include a gioup of 
highly speciahzed fungi, all obligate paiasites on insects They 
aie of academic inteie&t only They aie not fatal to the insect 



Fig IS Coraycep & an on lai\ae ol the codling moth showing the stalLlihe 
stromata growing from the dead insect (Afttr Metcalf and Flint ) 

and apparently came little 01 no mjuiy The fungi do not 
penetrate the insect body but aie fastened to the integument by 
small ‘‘holdfasts and derive then nourishment through minute 
holes m the body integument They foim small hairy 01 velvety 
patches on various paits of the insect’s body They are often 
highly speciahzed as to the paiticular part of the body affected, 
some species being confined entirely to one segment 01 to certain 
legs of a single species of insect 

The \ egetanve mycelium is much reduced, and the reproduc- 
non is entirely by aseospores, a highly speciahzed type of sexual 
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lepioduction similai m many ways to that of the led seaweeds 
(Flondeae) Some species aie homothalhc, and others aie 
heteiothalhc 

Infection occms only when one insect comes m close contact 
with an infected one most commonly during copulation The 
ascospoies, coveied with a sticky matnx aie foiced out ot the 
penthecia and adheie to the insect’s body A holdfast is foimed 
and when food lelations aie established the spoie divides and 
glows into its matuie difteicntiatedstiuctuie The best and most 
extensive account ot these intoestmg tungi that ot Thaxto 
(1896, 1908) 

Virus Diseases of Insects —Some ot the mo^t vn ulent diseases 
ot insects aie caused by vnmes Lepidopteious specie* being 
especially subject to them The be^t know vnus diseases of 
insects aie those affecting the silkwoim (Bombyx mon L) the 
gypsy moth (Poithetna di^pai L ), and the nun moth <Lymantna 
monaeha L) The wait disease igiassuie oi Gilhsucht) of *ilk- 
woims, is extremely clestiuctive and is often a limiting fact ox 
m silkworm cultuie The similai wait diseases ot the nun moth 
and oi the gypsy moth also occui m epizootic piopoitions and 
constitute impoitant lactoi* m the natuial contiol oi these insect 
pests 

Cateipillais affected wnth wilt become flaccid and the internal 
organs aie completely liquefied The affected tissues aie ehaiac- 
tenzed by the presence of numeious \ erv small icfractn e, crystal- 
like polyhedral boche^ fiom which the teim “polvhedxal diseases 
has arisen The*e boches aie piotem in natuie and may be com¬ 
pound crystals of the infective agent They have been concen- 
tiated by centrifuging and washing but hate retained then 
infectious natuie The infectious agent m common with othei 
viiuses, can be passed leadily thiough ceitam bacteriological 
filters 

The eateipillars may become infected by ingesting virus- 
contaminated matenal oi by dnect subcutaneous inoculation 
In natuie, the toirnei is the more nequent method ot infection, 
although theie is some evidence that the diseases aie tians- 
mitted by parasitic oi pi edacious insects and mites i Allen 1916) 
Theie is some evidence foi the conclusion that the vnus of 
giasstne may be transmitted through the eggs of the silkworm, 
although this theoiy is not accepted by all mvestigatois 
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Efforts to control noxious injects by the production of epi- 
zootiCb through artificial inoculation with vnuses have met with 
the same doubtful success that has characterized similar efforts 
with the bacterial and fungus diseases However, the extent 
to which other control measures aie necessary may be deter¬ 
mined by the pret alence of the disease 

Protozoal Diseases of Insects—Although bactena, fungi, and 
vnuses are the principal causes of insect diseases, there are 
seveial w'ell-defiiied diseases of insects caused by protozoa, the 
best known of w'hich is probably that affecting the silkwoim, 
caused by Nosema bombycis Xag and commonly known as 
"pebnne ’ The mode of parasitism of the protozoa and the 
methods by w'hich they aie transmitted vary extensively with 
the different diseases There is evidence of transmission of 
some of the protozoal diseases by parasitic or predacious insects 
Payne (1933) has leported the transmission of a disease of the 
Mediterranean flour moth (Ephestia kuhmetla Zellei) by a 
Hymenopterous parasite (Microbiacon hebator Say) The dis¬ 
ease is not transmitted by ingestion and is not infectious m the 
absence of the parasite Furthermore, the first point of infec¬ 
tion is m the ganglion w'hich the paiasitic w r asp pierces m the act 
of oviposition By ovipositing m one laiva after another, the 
wa&p becomes especially effective as a vector of the disease 

4 ENTOMOPHILOUS PLANTS 

One of the most highly developed and perhaps the most 
interesting association of plants and insects is that of ento- 
mophily or insect pollination of flow'ermg plants The associa¬ 
tion has been of great significance m the evolution of plant 
species and has contributed to the development of many highly 
specialized relationships between plants and insects As wall be 
pointed out m some detail m Chap IV, there are many points of 
similarity between insect pollination and insect transmission of 
plant diseases and a knowledge of the relationships involved m 
entomophily is helpful m a study of the problem of insect trans¬ 
mission of plant diseases 

Pollination is the act of transferring the pollen fiom the 
anther of a flower to the stigma of the same or another flowmr 
and is necessary for fertilization and seed production m practi¬ 
cally all seed plants, although there are a few T species m w r hich 
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paithenogenesi^ occms The tiansfei of pollen fioni the antheis 
of a git en flow ei to the stigma oi the same flowei is teimed self- 
pollination When the tiansfei is fiom one flower to anothex on 
the same plant it is called close pollination, while aoss-pollination 
is the tiansfei of pollen fiom the floweis of one plant to the 
stigmas of flowers on another plant Plants whose flow ex s can 
be feitihzed by self-pollination or elo^e pollination aie said to be 
self-fei tile Some plants aie self-stenle, a condition m which the 
flow exs can be feitihzed only by cioss-pollination It is obvious 
that wdien cioss-polimation is the mle the piobabxhty of hybridi¬ 
zation is increased 

Some plants have impeded flow^eis, one kind of flowei (stann- 
nate) pi oducmg fertile pollen but having no normal ovanes, anothex 
kind (pistillate) having normal o vanes but no pollen These 
two kinds of impeifect flowei may occui on the ^ame plant 
(monoecious) or on difleient plants (dioecious; 

Cioss-pollmation stimulates vanation by mcieasing the he- 
quency of hybridization As variation is a purnaiy factoi m 
evolution, cioss-polimation has been a potent factoi in the 
evolution of the flow enng plants Insects as one oi the pnn- 
cipal agents of pollination, have played an impoitant part m this 
evolutionary pxoce^s, and many of the adaptations oi floweis to 
insect pollination aie concerned with means oi ensuimg ero^- 
pollxnation In other w’ords, the phenomenon of entomophily 
has had a great influence on the e\ olution ot flowei mg plants 
because, by favonng cio^s-polhnation it has incieased the fre¬ 
quency of hybxidization and variation The ixicxeased fiequencv 
of vanation acted upon by natuial ^election has lesulted m the 
evolution of new adaptations foi insect pollination and these, m 
turn, have further facilitated cross-pollination Thus, theie is a 
never-ending cycle that has been a very potent factoi m evolu¬ 
tionary development of both plant and insect life 

Pollination is accomplished m seveial diffexent ways and plants 
aie sometimes classified on the basis of the pnncipal agent oi 
pollination as tallows 

1 Eh drophilous—water-pollinated 

2 Anemopb ilous—w md-pollm ited 

3 Zodioplnioiis—ammal-pollmated 

a Entomophilous—msect-pollmated 
b Malocophilous—snail- or slug-pollinated 
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c Omithophilous—bird-pollmated 

d Chiropt erophilous—bat-pollmated 

The anemophilous and entomophilous groups include by fai 
the laigest numbei of species 

The Origin of Entomophilv—Although theie is evidence that 
some of the pumitive angiospeims weie msect-pollinated and 
that ceitam modern anemophilous species may have arisen fiom 
entomophilous forms (Hutchinson 1926), it is generally agieed 
that the most pumitive flow eimg land plants were wmd-polh- 
nated When pollen giams aie disseminated by the wind, 
pollination is accomplished only when, by chance, a pollen gram 
falls upon a stigma of a plant of the piopei species Considering 
the small size of the stigmatic surfaces and the separation of the 
pollen grams as the distance fiom the source of supply increases, 
it is obvious that there is a tiemendous waste of pollen In 
general, the wind-pollinated species produce veiy large quantities 
of pollen This is tiue of present-day species, and the abundance 
of fossilized pollen m the geological records of the Caibomfeious 
age indicates that this was true also of the primitive wind-polli¬ 
nated plants of that period 

Early m the evolutionary development of plants, insects dis¬ 
covered the food value of pollen and began regular visits to the 
source of supply Some of the pollen stuck to the bodies of the 
insects and was txanspoited to othei flowers, and thus cross- 
pollmation was accomplished The pollen it as transported by 
insects directly to the propel stigmatic surface with very little 
loss of material The utilization of pollen as food by the insects 
and the assurance of successful cross-fertilization with a minimum 
oi waste pollen had a survival talue to both the insects and the 
plants Cross-fertilization stimulated variation, and natural 
selection fostered and peifected those variations which favored 
insect pollination The secretion of nectai, the blight color of 
flowers, and other chaiaeteis that attract insects have evolved 
m this way These interacting factors have resulted m strong 
evolutionary forces that have produced the exceedingly complex 
adaptations existing today between flowers and the insects that 
pollinate them It would be out of place here to discuss m 
detail the thousands of intricate adaptations that evolved as a 
result of this association, but a few' of the most important kinds 
of ! airation wall be mentioned 
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Plant Adaptations That Favor Insect Pollination—The bio¬ 
logical and evolutionary significance of cio^s-pollmation has 
aheady been mentioned Many of the adaptations ot floweis 
aie appaiently the lesult of natuial ^election and peipetuation 
of variations m stiuctuie that tavoied 01 ensured cross-pollma- 
tion Some oi these aie independent of insect pollination and 



Fib- 19 —The transmission oi pollima b\ a wasp in. orchia Sowers t Em^actu 
latijoha) 1 the wasp alight ng upon a flowei 2, the So we* as see** iron the 
front, 3, the same A n s*de \iew 4 a pan- of pollima with stichj pad at the base, 
5, the wasp feeding upon tne recta*- and pressirg its head against the polKua 
6 the -wasp leaving the flower witn the pollima adhering to *ts head 7, the same 
insect visiting anothe*- flowei p*essmg the pollima against the stigma, ard 
effecting poilmatior Ajttr Ke^utr and Oau. r ) 


apply equally well to wind pollination, but many of them aie 
also adaptations foi insect pollination 

In many flowei s, the stigma is leceptive before its own pollen 
is npe In such ca^es, cioss-pollmaiion is usually accomplished 
befoie self-pollination is possible When plants have only 
imperfect flowers oi physiologically self-stenle flowers, self- 
pollination cannot occur, and cio^s-pollmation is obligatory 
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The pollen of many msect-pollinated plants is sticky 01 waxy, 
is not easily scattered by wind, and laiely leaches the stigma m 



Fig 20 — 4 flower of the milVveed (Asclepias cornuh ) showing the pollmia 
and the mechanism bj means of which thej become attached to the feet of 
insects 1, side view of flowei, 2, the same magnified and with pait of the 
anther iemo\ed to show the pollima, 3, a cross section of a flower showing 
arrangement of the pollima and the clips that become attached to the insects’ 
legs 4, a pair of pollmia and the closed clip mechanism, 5, a pan of pollmia 
attached to an insect’s leg (After Kerner and Oliver ) 

the same flower, but it is transported readily by insects to othei 
flowei s The specialized pollen masses, oi pollmia, found m 
certain orchids, m milkweeds, and m other plants aie stiuctuies 

that ensure cioss-polhnation by 
means of special adaptations foi 
translocation by insects The 
pollima aie shaiply defined 
masses of sticky pollen specially 
adapted to insect tianspoitation 
and borne so that wind dissemi¬ 
nation does not occm These 
adheie to some paiticulai pait of 
the insect’s anatomy and aie 
lemoved bodily fiom the 
stamens When anothei flowei 
is visited by the insect m seal ch 
of nectai, the pollima aie piessed 
against the stigma, and cioss- 
pollmation is effected In some cases, the pollmia adheie to the 
head (Fig 19), m others, they catch on the legs or other paits of 
the insect (Figs 20 and 21) However, m all cases, the anange- 



Fig 21 —A wasp with pollima of a 
nnlKweed attached to its legs bj the 
chp mechanism show n m the preced¬ 
ing figure {After Folsom and Wardle, 
by permission of P Rlakiston’s Son A 
Company ) 
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ment pi events the pollen leaching the stigma oi the flowei in 
which it i=? piodueed but emunes that it will touch the stigma ot 
the flowei ne\t visited by the insect 

The lelative position of the style and stigma m msect-pollinated 
plants is usually such as to pi event sell-pollination As a gen- 
ex al lule, the stigmatic suiface is borne above the antheis so that 
the pollen will not diop upon it In some floweis, theie aie 
explosive 01 tuppmg mechanisms that aie set off by the insects 
m a way which ensures that their bodies become thoroughly 
dusted with pollen The coiollas of the floweis of some species 
of plants, especially among the oichids, appeal to be so modified 
that pollination is effected by a single species of insect to the 
exclusion of all otheis In othei cases, seveial different species 
of insect may effectively pollinate the floweis of a single specie^ 
of plant 

A fuithei discussion of the mnumeiable modifications of floial 
stiuctuies concerned with insect pollination and cioss-pollmation 
is not possible heie The xeadei is lefened to the extensive woiks 
of Dai win (1903), Knuth (1909) Kexner and Olivei (1895), 
Riley (1892), and otheis 

Insect Adaptations That Facilitate Insect Pollination—So fax 

m oui discussion of insect pollination w T e have consideied chiefly 
the modifications of floral stiuctuies Smulai adaptations exist 
also among the insects Wheie there is mutual adaptation, it is 
not always possible to deteimme how much of the adaptation is 
the lesult of vanation m the plants and how much is the xesult 
of insect variation Because of the hybudization that occurs so 
fiequently in plants as a lesult of cioss-polhnation, it seems lea- 
sonable to assume that the plants have been the xnoxe variable 
However, hybudization and vanation do occur m insects and 
natural selection would operate wfhenevei there are variations 
with a survival taiue The most striking adaptation of insects 
for pollination are the specialized bustles that occur in a wide 
\ anetv of forms and serve foi collecting pollen (Fig 22) These 
bustles are usually localized on that part of the insect s body 
which is most likely to come into contact with the stigma oi the 
flowers that it usually pollinates The suctorial mouth parts oi 
insects that xegulaily feed on nectai present well-known adapta¬ 
tions Some insects such as the Pionuba moth \Pronuba spp ) 
and the fig wasp (Blastophaga psenes L ) breed m the ovaries of 
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the plants that they pollinate Associations of this kind usually 
lesult m a high degiee of interdependence of the plants and then 
lespective insects and involve highly adapted instincts 

The yucca plant is entirely dependent upon the moths foi 
pollination Its pollen is pi oduced m sticky masses that pi eclude 
the possibility of wind dispeisal Howevei, pollination is effec¬ 
tively accomplished by the pionuba moths whose bieedmg habits 
leveal stnkmg adaptations of instinct The female moth 
deposits her eggs m the ovary of the flowei, and the young laivae 



Fig 22—A honeybee, showing the many bustlelike setae with pollen grains 
adhering to them One of the most important functions of the setae is the 
collection and transportation of pollen from flowei to flowei in which process 
the flowers are cross-pollinated Fungus spoies and bactena adhere to the 
setae as readily as do pollen grains (Cf Fig 220 ) 

are dependent upon the feitihzed seeds foi food If the fioweis 
were not pollinated, the seed would not develop, and the laivae 
would starve With unernng instinct, the female moth collects 
pollen from one flowei befoie ovipositing into the ovaiy of a 
second one When oviposition is accomplished, she then stuffs 
the pollen into the funnel-shaped stigmatic opening (Fig 23) 
Thus the insect not only makes fertilization and cioss-polhnation 
possible, but she also ensuies a food supply foi the young laivae 
Although the larvae feed upon the developing seeds, they do not 
consume them all, a supply ot seeds sufficient to maintain the 
species developing without injury Without the aid of the moth 
no seed would develop 
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An equally complicated adaptation is found m the relationship 
between the fig wasp and the Smyrna fig The so-called ‘‘fig 
fiowei ’ is m lealitv a whole collection of fioweis or an mflores- 



Fig 23—Insect pollination o* yucca dj the Pionuha mo^h a a sketch 
shoeing a Pronuba moth Pr > t t^a j least 1 a a^d three yucca flowers m \arous 
stages oi de\elopment t> a vu< ta flower with thee petals remm ea to shots stjle 
and stamens (The moth has o , ipos ted m the o\ ar\ ot the flow er and ±s 
stuffing a mass ol pollen pre ojsK collected iron* another flower into the 
tunnel-shaped stgmare sunaoe c an erJa ged view oi the stxgma, d, an 
enlarged mew of the Head ot tne fema’e noffi showing ffie mass ot pollen grains 
held by the co led mavJlarv palp that is specially adapted lor this inner on 
(After Kerner and OLte* ) 

cence enclosed within a pear-shaped leeeptacle a syncomum 
(Fig 24) The lemale of the fig wasp psenes enters 
the syncomum thiough the eye and oviposits in the ovules of the 
young flowers The eggs hatch and the larvae develop m the 
ovary j winch enlaiges abnormally, forming the so-called 4 galls 17 
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Following pupation the males emerge hist and feitilize the 
females while they aie still m the gall The male dies without 
leaving the syncomum, but the female emeiges through the eye 
and m so doing becomes dusted with pollen She then enteis 
another fruit, and -while m the act of oviposition she pollinates 
the pistillate flow ers In the edible fig, the styles of the pistillate 
flow eis are so long that opposition is not successful, and no w r asps 



Pig 24 —The pollination of the fig by the fig wasp ( Blastophaga psenes ) 
a, a fig wasp, b, a syncomum of the capnfig showing the enlarged o\aiies of the 
gall flowers m which the wasps develop, c, an enlarged \iew of the gall flowers 
of the capnfig showing the short style through which the eggs are inserted bj the 
female fig w asp, d, a wasp emerging from a gall flow ei, e, a freshly emeiged w asp 
which has become dusted with pollen from the male floweis (/) borne neai the 
“eje” of the capnfig, g , a syncomum of the edible fig the flow r ers of which will be 
pollinated by the wasp about to enter the eye, h, the female flower of the edible 
fig showing the long sty le which pre\ ents successful o\ lposition The insect 
thus pollinates the fruit of the edible species but is not able to breed m it They 
breed m the capnfig which has the short styled flowers ( After Keiner and 

Ohter ) 

develop m it Pollination, however, is successful, and the flints 
develop normally The insects breed successfully m the inedible 
capmfigs, a supply of which is necessary m the cultivation of the 
edible varieties 

It is evident that m this relationship theie is a high degiee of 
inter dependence between the fig plant and the fig w T asp Neither 
one can survive without the othei As will be described m Chap 
VII, this insect is also an important vector of certain destructive 
diseases of the fig fruit 
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5 INSECTS AND PLANTS THAT LIVE IN SYMBIOSIS 

Ill the couise of the long penocl of time that plants and injects 
have -dialed the available food and space on the eaithk surface, 
many adjustments have been made In numeiom- cases ceitam 
species of plants and insects have become so thoroughly adapted 
to living togethei m close spatial relationship that the association 
has become lelatively constant This type of association is 
usually known a^ symbiosis 

We axe interested heie primarily in those nncioscopic plants 
(bactena and fungij which aie known to live m symbiosis with 
insects The existence of symbiosis between ceitam insects and 
mic 1001 gam^ms has been known for a long time, but the work of 
Paul Buchnei and his students summanzed m his book “Tiei 
unci Pflanze in Symbiote 1 pubhshed m 1930 has *hown us the 
astounding univeisahty of the phenomenon and the high degiee 
of development it has leached Buchnei's investigations are of 
gieat significance to the student of insects m their relation to 
plant diseases They have shown that symbiosis with mieio- 
oigamsms is to be found m neaily all oideis of insects and that m 
some gioups, such as tho*e feeding on plant sap and on wood, it 
is almost umvensal In several cases the symbiotic mieiooigan- 
isms aie pathogenic to plants Buchnei*s studies of the subject 
have yielded sufficient evidence to justify the conclusion that the 
mterielationships of insects and symbiotic microorganisms aie as 
complex as and of evolutionary significance equal to those 
between insects and flowering plants The almost mnvexsal 
occurrence of symbiosis between insects and microorganism* m 
general, coupled with the numeious striking cases involving plant 
pathogens, makes it imperative that we lecogmze the importance 
and significance of the phenomenon m the study of plant diseases 
The subject is discussed m moie detail m Chap III 

6 INSECTS THAT DISSEMINATE PLANT PATHOGENS OR AID IN 
THE DEVELOPMENT OF PLANT DISEASES 

This relationship is presented m Chap IV 
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CHAPTER III 


SYMBIOSIS BETWEEN INSECTS AND MICROORGANISMS 
AND ITS SIGNIFICANCE IN PLANT PATHOLOGY 

Symbiosis is a subject of wide biological interest The phe¬ 
nomenon is found m some form m almost all classes of plant and 
a nim al life and sometimes is essential to the survival of the 
species Symbiosis is especially prevalent between insects and 
miciooigamsms, vheie the lelationship often leaches a very high 
degiee of development It has been shown that a number ol 
plant pathogenic microorganisms live symbiotically with then 
insect vectors, the lelationship usually voikmg to the mutual 
advantage of the associated species Diseases caused by patho¬ 
gens that live m symbiosis with insects aie sometimes veiy 
complex m then ecological relationships A satisfactory knowl¬ 
edge of the epiphytology of diseases of this kind is laiely possible 
without a thorough undeistanding of the symbiotic relationships 
of the pathogen and its insect vector Theiefoie, symbiosis is 
obviously a subject that cannot be neglected m any comprehen¬ 
sive study of insect tiansmission of plant diseases 

Symbiosis, a term first used by De Baiy (1879), is a bioad one 
and includes all associations m which dissnmlai oigamsms live 
togethei m close spatial lelationship It does not imply benefit 
or detriment to eithei paity of the association Pai asitism, m 
which one organism derives benefit at the expense of the other, is 
a form of symbiosis usually termed antagonistic symbiosis If 
the association is mutually beneficial to the associated oigamsms, 
it is designated mutuahstic symbiosis or mutualism When theie 
is little or no direct influence of one organism upon the other, the 
relationship is called commensalism 

It is not always possible to know accuiately and completely 
how much and vhat kind of influence the organisms have upon 
one another For this reason, it is often difficult to use these 
terms with accuracy In much of the recent hteiatuie dealing 
with symbiosis between insects and microoiganisms, the teim 

46 



SYMBIOSIS BETWEEN INSECTS AND MICROORGANISMS 47 

symbiosis has been used m a restricted sense to exclude pai autism 
and commensalism Used m this sense, it has essentially the 
same meaning as mutuahstic symbiosis Xuttal (1923) defines 
symbiosis as “a condition of conjoint hie that is more or less 
beneficial to the associated orgamsms or symbiote^ * and Shull 
(1920) defines it as “the association of two species for their 
mutual benefit ” Although theie may be some question of the 
justification for restricting the term m this it ay the restricted 
concept has become so well established that it may be very diffi¬ 
cult to change it However, m thi^ discussion the use of the 
term m the restricted sense wall be avoided a* much as possible 

The term “symbionts M has been used \ery generally to desig¬ 
nate organisms that live m a state ot symbiosis, although some 
writers prefer to use k< symbiotes,’ maintaining that it is the 
conect term (Meyer 1925) Symbiote seems to be the better 
word from the standpoint of etymology, and for this reason it 
wall be used here Some authors m w nting of symbiosis betw een 
insects and microorganisms have used symbiont or symbiote to 
designate the microscopic member of the association, referring 
to the insect as the ‘ host Unfortunately, the latter term is 
used with different connotations in both entomology and plant 
pathology In order to avoid confusion, the term microsym- 
biote ’ will be used m this discussion in reternng to the symbiotic 
mi croorganism A good discussion of the origin, meaning, and 
usage of the above terms has been presented by Her tig Talia¬ 
ferro, and Schwartz (1937) 

Perhaps the earliest recognized and best known example oi 
symbiosis is that between the two microscopic plants found m 
lichens The symbiotic lelationship between the fungi and algae 
that make up the vegetative body of the lichens was first exten¬ 
sively studied by De Bary m 1879 and since then it has been the 
subject ot numerous investigations which have shown that the 
benefits derived by the algae and tungi vary in different lichens 
In some species, there is a mutual benefit, m other species the 
fungi aie apparently parasitic on the algae, and instances hate 
been reported wherein the algae are parasitic on the fungi 

Another well-knovm example of symbiosis between plants is 
that found m the root nodules on leguminous plants The bac¬ 
terial symbiote lives within the tissues of the root on which it 
causes the globular nodules characteristic of most leguminous 
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plants Since the bactena are able to fix atmosphenc mtiogen 
a souice of nitrogen is piovided foi the legumes, which m tiun 
furnish the bactena with caibohydiates and other matenals 
necessaiy foi their gi owth 

It is well known also that the roots of most tiees and many 
othei peienmal plants aie invaded by symbiotic fungi The 
fungus mycelium and the loot tissues foim specialized stiuctuies 
known as “mycoirhizae ” These aie either ectotiophic 01 
endotiophic In the foimei, the fungi aie mostly on the suiface 
of the root, sunoundmg it like a sleeve, those of the endotiophic 
myconhizae occui within the tissues, gi owing between the cortex 
cells The physiological lelationship between the fungi and the 
loots has been the subject of much study The entne subject 
has been reviewed extensively by Raynei (1927) and by Hatch 
(1937) The lattei concludes that the tiees aie dependent upon 
the fungi foi the absorption of nutnents fiom mfeitile soils and 
that the fungi derive giowth-promotmg substances and m some 
cases simple caibohydiates fiom the trees 

Many lowm foims of ammal life charactenzed by a gieen oi 
yellowish-green coloi have been know n foi a long time It is now 7 
lecogmzed that the coloi often is denved from symbiotic green 
algae living within the animal tissues This condition is found 
m many Protozoa, Ponfera, Coelenterata, Ctenophoia, Platy- 
helmmthes, Annelida, and Mollusca The fiesh-watei foims aie 
associated with green algae and are known as Zoochlorella Those 
living m salt watei harboi the yellow^ algae and aie called 
Zooxanthella 

Symbiosis with microorganisms is veiy extensive among 
insects Buchner (1930) has published an extensive leview of the 
subject and has descnbed a -whole series of symbiotic associations 
of widely varying degrees of complexity He is led to believe 
from his studies that this senes of symbiotic relationships repre¬ 
sents an evolutionary development, from a simple primitive type 
to the more complex associations, which parallels the evolution of 
the insects themselves Thus m the Blattidae, wheie symbiosis 
ib universal and of a similar nature m all species, it is believed that 
symbiosis aiose m the most primitive ancestral forms and has 
been transmitted to the more recently evolved forms In con¬ 
trast to these, the Homoptera possess a variety of types of 
symbiosis m different species, a fact indicating that symbiotic rela- 
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tionships weie established lelatnely late in this oidei and inde¬ 
pendently in the diffeient gioups within the oidei 

Buchnei classifies the various types of symbiotic associations 
into two mam gioups (1) ectosymbiosis, m which the symbiotic 
miciooigamsm is found chiefly on the outside of the insect s body, 
and (2) endosymbiosis, m which the niiciooiganisms aie haibuied 
within the body of the insect Endosymbiosis ^ tuithei divided 
into a piogiessive senes of mcieasmgly complex types on the 
basis of the localization of the mieiosymbiote within the inject 
body These subclasses aie as iollow^ 

a The micros}mbiote develops iree in the lumen ot me intestinal trail 
or in intestinal caeca 

b The micros} mbiote develops w ithm the epi+helial cells of the intestinal 
tract 

c The micio&vmbiote dei elops m the region ot the mesoderm but returns 
its connection with tne epithelium 

d The micros^mbiote develops witlun special cells nncetocytes or 
special tissues dii} cetomes w ithout any connection ith the intestinal tract 

Ectosymbiosis is eonudeied the most primitive type followed 
by the simplex type of endosymbiosis m which the miciosymbiote 
is found m the lumen of the intestine or m intestinal caeca 
From this simple type of endosymbiosis, moie complex types ot 
endoeeilular symbiosis have evolved It is believed that the 
microoigamsms enteied the epithelial cells, finally invaded the 
mesodeim, and m the most highly developed types, became 
localized m mycetocytes oi my cetomes, having lost all connection 
with the intestinal organs A bettei appreciation of this classi¬ 
fication may be had fiom the considexation of representative 
examples 

Ectosymbiosis —Perhaps the most widely known example ot 
ectosymbiosis is that between the ambx ona beetles and tin 
ambiosia fungi The ambiosia beetles aie nmbei-boimg 
Scolytidae that bleed m the sap wood oi dying tiees The 
gallexies aie of vanous types but the walls aie always stained a 
dark coloi by the giowth of a character Hue fungus? that is uni¬ 
versally present The fungus is introduced by the beetles mto 
the newly formed gallery wheie it grows to the exclusion oi other 
fungi The ambiosia fungus hints by foimmg ma^se* oi glisten¬ 
ing white spores on the walls of the lar\al chambers The 
developing larvae feed upon the fungus spores, deriving most of 
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their food from this source When the new brood of beetles 
emerges, each beetle cames with it spores of the fungus to be 
used m starting a new cultuie in the gallenes established m 
suitable trees The somewhat similai association of bark beetles 
and fungi as illustrated m the Dutch elm disease and m the 
blue stain of comfeis (see Chap YU) is anothei example of 
ectosymbiosis 

The fungus-cultivatmg ants and tei mites and their fungus 
gardens aie also examples of ectosymbiosis Both these gioups 
of insects cultivate fungi m then domatia on specially piepared 
beds of plant tissue The glow mg fungus is utilized as food by 
the developing young, and w r hen a new colony is established, 
enough of the fungus is earned along to stait a new culture 

Endosymbiosis — a The simplest type of endosymbiosis is 
that m w T hich the miciosymbiote develops m the lumen of the 
intestinal tiact of the insect without penetiatmg the epithehal 
cells Excellent examples of this 1 elation ship aie found among 
the Diptera, many species of which haiboi bactena that aid the 
insects m the digestion of the tissues on winch they feed Within 
this gioup is found a senes of associations of increasing com¬ 
plexity, varying from the lelatively simple type between bacteria 
and the housefly (Musea domestica L), the blowflly (Calhophora 
vomitoila L), and the seed-corn maggot (Hylemyia cihcrura 
Bond) m which theie are no special caeca foi haibonng the 
xmcrosymbiote, to the more complicated type between the olive 
fly ( Dacus oleae Rossi) and its miciosymbiote m which highly 
specialized caeca, or “feimentation chambeis,” aie piovided for 
harboring the bacteria and ensuring contamination of the eggs 
(see Chap VI) 

b A good example of a microsymbiote localized m the epithelial 
cells of the insect is affoided by the yeast associated with the 
flour beetle \Sitodiepa pamcea L) Ceitam cells (mycetocytes) 
along the walls of the intestinal caeca of this insect aie filled with 
actively giowing yeast cells The yeasts, which aid the beetles m 
digesting starchy food matenals, aie also found m the intestinal 
lumen and m special caeca from which the eggs are sui face-con¬ 
taminated when deposited 

c In the w eevils, represented by Hylobium abiehs L , the micro- 
symbiotes are found within groups of cells (mycetomes) adhering 
closely to the walls of the intestinal tract but having no direct 
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connection with the lumen These aie often so situated that 
they resemble the caeca, or fermentation chamber-, that harboi 
the xmciosymbiotes m the moie pumitive foims descubed abote 
This lesemblance has suggested that they may have originated a^ 
a modification of the fermentation chambeis, the walls of which 
have been transfoimed into mycetomes Although the function 
of these mycetomes is not conclusively knowm, they are sup¬ 
posed to be concerned m digestion of the wood consumed by the 
w eevils 

d The most highly developed type m this senes is lepresented 
by those insects wdnch haibor rniciosymbiotes m specialized 
gioups of cells, or mycetomes located deep m the body cavity 
and having no connection with the intestines This situation 
is especially pievalent m those sucking insects which commonly 
feed on the sap of plants such as aphids, scale insects, and leaf 
hoppers The so-called pseudovLtellus’’ ot the aphids is the 
classic example of a mycetome ot this type This oigan, consist¬ 
ing of a mass of large fatlike cells found m the abdomen of aphids 
w~as descnbed by Huxley m 1858, but it was not until 1910 that 
its tiue nature was discovered independently by Pieiantom and 
Sulc In this association the miciosymbiotes serve the insect by 
absorbing waste products, such as mates, and the msects provide 
the mici osymbiotes with food and protection 

When insects and imeiooigamsms live m symbiosis, some pio- 
vision is necessaiy to ensure constant association of both sym¬ 
biotes Obviously the gieatest necessity is to ensure the 
transmission of the microsymbiote from one to the next geneia- 
tion of the insect This is accomplished m a vanety ol ways 
Where the symbiotic microorganism is cultivated outside the 
body, the insects always carry the imciosynxbiote with them when 
establishing a new colony In many cases, the transpoitation 
appeals to be a matter oi chance the imeiooigamsms adhering to 
the surface of the insect's body oi being earned m the contents 
of the intestinal tract and being passed out wnth the excreta m a 
viable condition Tins is the method used by the baik beetles 
and many of the ambiosia beetles The females oi some tropical 
ambiosia beetles aie said to carry spores and mycelium of the 
ambrosia fungus between special brushlike structuies on the front 
part of the head (Strohmeyer 1911) In the case oi the fungus- 
cult lvat mg ants, the female stores m her mfiabuccal pouch a 
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mass of the fungus which is u^ed as “spawn” m staitmg a new 
fungus gaiden 

More highly specialized deduces foi tiansmission of the micio- 
symbiote aie found m insects with endosymbiosis Heie theie 
appeals to be a series of increasingly complex anangements 
The simplest anangement is that found m ceitam dipteious 
insects m w 7 hich the reinfection of laivae is left entirely to chance, 
the eggs usually being deposited m places where the microorgan¬ 
isms are abundant In certain other insects, the anal and the 
genital openings are so close together that the eggs become 
surface-contaminated from the excreta at the time of opposition, 
no special organs for ensunng contamination being necessary 
Next m order of complexity are those m w r hich theie aie anatom¬ 
ical modifications of the female body involving special oigans that 
function to ensure contamination of the egg These oigans differ 
considerably m different species, but all involve the accumulation 
of the microsymbiote m some sort of diverticulum located near 
the genital opening m a wny that ensures the contamination of 
the eggs at the time of opposition In some species, contamina¬ 
tion depends upon the normal pressure of the egg as it passes 
through the oviduct In others, the diverticulum is equipped 
with special muscles that force the microorganism out onto the 
egg surface Some of these diverticula arise from the anal pas¬ 
sage, some are mtersegmental m origin, and m certain species the 
bursa copulatnx is used for this purpose 

In the majority of cases, the young larva comes m contact with 
the microsymbiote only aftei the egg has hatched and the larva 
has had an opportunity to ingest the miciooiganism from the 
shell surface But m some insects, as in Dacus oleae , the bacteria 
penetrate the egg through the miciopyle, and the laiva is inter¬ 
nally contaminated before the egg hatches 

In those insects m winch the mtracellulai symbiotes are located 
m myeetocytes or mycetomes contained m the body cavity, the 
eggs generally become infected internally before ot lposition, the 
microsymbiote entering the immature eggs through the nuise 
cells Some of the scale insects offer good examples of this kind 
of transmission Mansour (1934a) has described a different 
process found m three beetles (. Rhizopertha domimca F , Sinoxylon 
ceratomae L , and Bostrychophtes Marsh) m winch the nncro- 
symbiotes invade the testis lobes, multiply and mix with the 



SYMBIOSIS BETWEEN INSECTS AND MICROORGANISMS 53 

sperms, and dining copulation pa^ into the bu/sa copidatnx of 
the female Fiona heie they penetiate thiough the nuciopyles 
of the fully foimed eggs during opposition 

In some of the paithenogenetic insects repioducmg vi\ ipa- 
i ously, the young embiyo is infected befoie birth Tim is the mle 
among the aphids In the Pupipaia and m certain other Dipteia 
(Glossma) that reproduce viviparouslv, the young larvae are 
contaminated thiough the so-called ‘'milk glands’’ which nourish 
them before birth 

THE NATURE OF THE SYMBIOSIS BETWEEN INSECTS AND 
MICROORGANISMS 

Most, if not all the symbiotic associations between insects 
and microorganisms rest upon a physiologic basis and probably 
should be classed a<= mutuahstic symbiosis The associations 
however are t ery complex, and m only a very few ca^es is there 
enough known about the physiology of the symbiotes to justify 
a final conclusion In reality it is practically impossible to 
draw' a sharp line between parasitism and mutualism m most 
instances of symbiosis of insects wnth microorganisms Well- 
defined cases of insects being parasitized by microorganisms 
are known, and there are equally w'ell-defined examples of 
mutuahstic symbiosis, but between these two there is a whole 
series of mtergiadmg types that peiixuts no sharp separation 
Perfect mutuahstic symbiosis might be considered as an associa¬ 
tion m which both symbiotes aie so completely adapted to a 
common life that neither one can survive m the absence of the 
other This condition has been called obligate symbiosis Such 
relationships are extremely rare Theie aie, howevei numerous 
associations m which both symbiotes are constantly associated 
m nature and in which the survi\ai of one of the symbiotes is 
dependent upon the presence of the other In these cases it 
usually can be demonstrated experimentally that the other 
symbiote may survive alone under proper conditions, although 
it may netei be found alone m nature Beginning with these 
high!}" specialized associations we find all degrees of interde¬ 
pendence down to veiy casual associations that are by no means 
fixed 01 constant 

Many students of symbiosis have concluded that mutuahstic 
symbiosis arose through an intermediate stage of parasitism 
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on the part of one of the associated oigamsms Accoidmg to 
this theoiy, the paiasitized membei acquired an mci easing 
degree of immunity which, aftei a penod of time, lesulted m 
mutual adaptation to a common life If this theoiy is correct, 
the microsymbiotes were ongmally parasitic on the insects, the 
latter having acquired immunity sufficient to establish a fairly 
constant equilibrium 

Buchnei (1930) expresses the opinion that, m all cases of 
symbiosis between insects and microorganisms, it is the insect 
which dominates the situation The microsymbiote is piovided 
with food and shelter but m all other respects is dominated by 
the insect that demes the greater benefit Buchnei, therefore, 
speaks of the association as a “ master-servant” relationship 

The fiequency with which symbiosis occurs m nature has 
led some biologists to suggest that the phenomenon has a general 
and fundamental significance m all forms of life As a mattei 
of interest the hypothesis formulated by Portier (1918) should 
be mentioned, although it has been generally discredited 
Poitier held all higher forms of life to be the results of symbiosis 
He recognized twm mam groups of living organisms, separated 
on the basis of the occurrence of intracellular symbiosis the 
autotrophic forms w T hich included only the simplest unicellular 
organisms such as bacteria, and the heterotrophic forms which 
included all higher plants and animals, the tissues of which, 
according to Portier, constantly and universally contained intra¬ 
cellular symbiotic microorganisms Some of these symbiotes, 
he claimed, could be isolated and grown m artificial culture while 
others had become so thoroughly adapted that they could not be 
isolated and cultured He interpreted the latter as identical 
wnth the mitochondria or other plastids These intracellular 
symbiotes according to Poitiei, play a very important role m all 
biologic processes such as sexual fertilization and disease resist¬ 
ance and even m the origin of species The theory was given 
some support by the Italian biologist Pierantoni and has been 
elaborated by Wallin (1927) m his book “ Symbionticxsm and the 
Origin of Species ,J 

In the consideration of mutualistic symbiosis, one is interested 
m knowing the physiological interrelationships and the relative 
amount of benefit derived by each party of the association 
However, so little is known of the physiology of either the 
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insects or the symbiotic microoigamsms that not much accuiate 
information is available Uvaio\ (1928) has summarized 
the literature on the nutrition and metabolism of insects up 
through 1927, emphasizing the gieat lack ot accuiate and specific 
information on the subject For om puiposes it will be neces¬ 
sary to discuss only a few of the facts and theones that have 
come from some of the more important investigations 

Apparently the benefits derived by the imect^ tiom the associa¬ 
tion are largely a mattei of nutrition Seteial m\ estigations 
have shown that symbiotic miciooiganisrm aid imect^ in the 
digestion of their food The miciosymbiotes appaiently pioduce 
enzymes, vitamins or other substances that the insects them¬ 
selves cannot produce One of the more cleai-cut cases of this 
type is that of the wood-eating termites and piotozoa investi¬ 
gated by Cleveland (1923 to 1934) who demonstrated that, foi 
the digestion of cellulose these teimites aie dependent upon 
piotozoa found m an enlargement ot the hind intestine When 
the termites were defaunated and reaied m the absence of the 
protozoa they were unable to digest cellulose 

In support of the theory that the miciosymbiotes are laigely 
concerned with nutrition Buchner (1930) points out that the 
insects which most universally haiboi microsymbiotes can be 
grouped into the following foui geneial categories on the basis 
of the type of food utilized 

1 Those that utilize iood rich in carbohydrates (especially cellulose i and 
poor m nitrogen 

2 Those that suck the sap of plants 

3 Those that teed on blood ot vertebrates 

4 Those that feed on horm substances hair feathers etc 

Baumberger (1919) made extensive expel iments with Droso¬ 
phila and concluded that symbiotic yeasts were necessary foi 
the noimal development ot the lanae He concluded that the 
larvae utilized the yeast as food and that the chief xole oi the 
yeast was m the synthesis of some necessary food substance oi 
the concentration of available nitrogen He held that the nitro¬ 
gen content of the plant tissues was not sufficient to allow the 
completion of the life cycle m the normal length of time He 
showed that the edible poition of banana tissue contained about 
1 3 per cent protein while the yeast cells contained about 11 per 
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cent These general conclusions confoim with those reached by 
Loeb and Xoithiup (1916) and Northrup (1917) 

Leach (1926, 1931) and Huff (1928) have shown that the 
bacteria associated with the seed-coin maggot, the vector of 
potato blackleg and other soft lots, aid the insect m the digestion 
of the plant tissues on which it feeds Steule maggots reaied 
fiom surface-sterilized eggs do not develop noimally when fed 
on sterile plant tissue such as a potato plug oi steamed bean 
seeds, but if the bactena are piesent they grow well and pupate 
normally They will giow and pupate also on tissues previously 
decayed by the bactena and latei sterilized by heat or on sterile 
germinating beans or pea sprouts m which the stored foods are 
being translocated into the growing shoots These facts indicate 
that the chief function of the bacteria is to digest the plant tissues 
and make them available as food for the lan ae 

It has been shown by numerous investigators that many 
insects feeding on decayed wood derive then nourishment 
piimanly from the fungi found m the wood The nitrogen 
content of the wood appears to be the limiting factor m the 
nourishment of many wood-eating insects Since fungi have a 
higher nitrogen content than wood, those insects feeding on 
decayed wood are able to complete then life cycle m a shorter 
period of time than those feeding on sound w ood 

Buchner (1928) maintains that the intracellular symbiotes of 
wood-eatmg beetles digest cellulose that the insects alone could 
not digest This interpretation is questioned, however, by 
Mansour (19345) and Mansour and Mansour-Bek (1934) who 
claim that the relationship is not one of mutuahstic symbiosis 
but is to be interpreted as commensalism Muller (1934) 
interprets the relationship as a very weak regular hereditary 
parasitism 

Uvarov (1928) and Koch (1933) conclude that the micro- 
symbiotes in many instances are utilized as food by the insects 
and serve as a source of vitamins that the insects require but 
cannot synthesize Bacot and Harden (1922) investigated the 
role of yeast m the nutrition of Drosophila and concluded that 
the insect requires vitamin B for complete development and that 
the vitamin is normally obtained from the yeast These con¬ 
clusions have been confirmed by Yan’t Hoog (1935), who w T as 
able to grow the insects successfully m synthetic medium, 
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concluding that m natuie the yeasts commonly supply one 01 
inoie of the B vitamins and some undeteimmed substance m 
the umapomfiable fiaction of fats 

It ha« been suggested that those miciosymbiotes which aie 
associated with the Malpighian tubule^ play a part m decom¬ 
posing and disposing of the waste product- of the insect’s metab¬ 
olism Some suggest without supporting evidence, that the 
imcrosymbiotes fix atmospheric mtiogen foi certain injects 
that feed on materials low m mtrogen content ( v Cle\ eland 1925a) 
Others believe that the miciosymbiotes found m mycetomes of 
the Homoptera are concerned m making available the food 
materials stoied m the^e structuies for the nourishment of the 
developing ova It is even suggested that they may be con¬ 
cerned in the initiation of embiyome development m those 
insects that reproduce parthenogenetically 

The fungi associated with the bark beetles det elop extensively 
m the baik suirounding the brood galleries and modify gieatly 
the microenvironment by mcieasing the moisture content of the 
innei baik and causing the outei baik to sepaiate from the wood 
Leach, Orr, and Chiistensen (1934) considered thi* ecological 
influence of decided value to the insect Per-on <1931) has 
presented evidence to show that the yeasts associated with the 
baik beetles ferment the sap of infested txees and produce a 
distinct odor that attracts other beetles making it possible tor the 
insects to attack the trees gregariously This obviously w ould be 
of definite value to the insects because individual insects are 
xaiely able to establish themselves m normal, \ igorous trees 
In spite of the scarcity of experimental evidence there are 
several obvious ways m which the nncrosymbiote profits by the 
association In the first place the xmcrooigamsms aie a-sured 
a constant food supply and effective piotection against such 
unfavorable environmental factoxs as excessive heat, light, and 
desiccation If the micioorgamsms is not an obligate symbiote, 
it frequently is associated with the same tood substance utilized 
by the insect Organisms of this kind usually depend upon the 
insect for dissemination and transpoi ration to the source of food 
Also, if the micxosymbiote happens to be a plant pathogen it 
may be dependent upon the insect for ingress into the plant 
tissues icf the Butch elm disease bacterial wilt of cucurbits, 
potato blackleg etc) 
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Theie is obviously much \ anation m the functions of the 
different symbiotes and the benefits derived by each, yet the 
evidence seems to indicate moie than a fortuitous lelationship 
It v ould be difficult to conceive of such complicated and special¬ 
ized associations as an sing thiough chance and having no 
biological value The associations aie certainly the result of a 
gradual evolutionary de\elopment and have persisted because 
of some survival value, although the survival value may have 
been based on any one of many diffeient functions Theie is 
no leason to expect that the functions and benefits should be the 
same m all cases 

Symbiosis gives use not only to physiological adaptations but 
to structuial modifications as well There have been numeious 
anatomical adaptations on the pait of the insect for haibonng 
and transposing the miciosymbiote and foi ensuring its trans¬ 
mission from generation to geneiation Among these are the 
vanous intestinal caeca, mycetocytes, and mycetomes, examples 
of which have already been described 

The structural modifications on the pait of the microorganisms 
aie not so evident The fungi cultivated by the leaf-cutting 
ants develop pecuhai club-shaped hyphal tips that are eaten by 
the ants These structures are called bromatia (Fig 34) and 
are said by Wheeler (1923) and others to be the result of some 
special form of cultivation by the ants As a rule, the intra¬ 
cellular microsymbiotes are very simple m structure and show 
no special moiphologieal adaptations However, Buchner 
(1930) believes that they hate undergone a reduction m both 
form and function as a lesult of their symbiotic mode of life 
According to thi^ view, the simplicity of form is m itself a struc¬ 
tural adaptation to symbiotic life 

The significance of the phenomena of symbiosis m a study of 
the relation of insects to the spiead and development of disease 
is quite obvious from the piecedmg discussion In many cases 
of symbiosis with insects, the miciosymbiote has proven to be a 
plant pathogen TV ith me leasing fiequency, new cases are being 
discovered m which insect vectors of important plant diseases 
maintain some degree of mutuahstic symbiosis with the patho¬ 
gens The recognition of these interrelations and a thorough 
understanding of their nature are necessary for intelligently 
combating the diseases 
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The investigations by Caiter (1933) of the green-spotting 
disease of pineapples reveal anothei way m which the micro- 
symbiotes of insects may be significant m the field of plant 
pathology Caiter has shown that gieen spotting is caused b> 
a phytotoMC secietion of the mealy bug and that the toxic dele¬ 
tion is closely con elated with the presence oi a lod-^haped 
symbiote localized m the myeetome of the insect The increasing 
recognition of destructive plant diseases caused by toxicogemc 
insects and the possibility of the toxic secietion* being produced 
by the mierosymbiote make it impel am e that the phenomem 
of symbiosis between insects and microorganisms be more 
thoroughly investigated from this viewpoint 

The almost universal occunence of well-developed myeetome^ 
and microsymbiotes m those injects which are most effective 
as vectors of virus diseases has suggested the possibility that 
they may be m some way concerned (Rambousek 1929 \ How¬ 
ever, no positive evidence of a relationship has been presented 
and the more recent advances m the study oi vims disease give 
little support to the idea 

SELECTED EXAMPLES OF SYMBIOSIS BETWEEN INSECTS AND 
MICROORGANISMS 

Ambrosia Beetles—Sehmidbeigei m 1836 was probably the 
first to recogmze and describe the association of the beetles 
with the so-called ‘ ambrosia ” He observed that the beetle 
larvae fed upon a glistening white substance He did not under¬ 
stand the fungus nature of the substance interpreted it as a 
product of the exuding plant sap, and applied the term k ambio- 
sia” to it Three yeai^ later, Ratsbuig >1839) confirmed 
Sclimidbeiger's obseiv ations and suggested that the ambrosn 
was the product of a mixture oi plant sap and insect spittle 
The fungus nature oi the ambrosia wa* fh>t recognized m 1844 
by Thomas Haitig who described the fungus a&sociated with 
Xyleborus (.Bostnchus ) di^pai Fabi m Alnus cordaia and named it 
Momha Candida Haitig being a believe! m heteiogenesis, 
thought the fungus aro>e fiom the wood cells acted upon by a 
stimulating substance secieted by the beetles 

Despite the interesting nature of this association of fungi and 
beetles, there has been remarkably little study of it Hubbard 
m 1897 made what is probably the most extensive study of this 
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gioup of insects but made only casual obseivations of the 
associated fungi He concluded, howevei, that theie were more 
than one ambiosia fungus and that only the most closely related 
species of beetles have the same fungus for food Unfortunately, 
theie has been no eompiehensive study of the ambiosia fungi 
Many casual lefeiences and buef descuptions aie found m the 
hteiatuie, but no systematic study of the ambiosia fungi has 
been made Until quite lecently, the name used by Haitig, 
Moniha Candida , w as the only one applied to this group of fungi 
We aie indebted to Neger (1908 to 1911) and Schneidei-Orelli 
(1911, 1913), who worked chiefly with species of Xyloterus and 
Xyleborus, foi the most thoiough studies that have been made 
on any of the ambrosia associations These mvestigatois have 
described accuiately the fungi associated with the beetles studied 
and have shown how the fungus is cultivated by the beetles and 
how it is transmitted fiom one geneiation to the next 

The true ambrosia beetles belong to the family Scolytidae 
They infest a wide variety of tiees thioughout the tiopic and 
tempeiate aieas of the woild and for the most pait are found 
m the wood of tiees weakened by some unfavoiable condition 
They aie laiely found m vigoious, rapidly giowing tiees oi m 
dead ones, although theie aie some exceptions They boie 
deep into the sapwood, each species making its owrn chaiactei- 
istic brood tunnels In all cases, the walls are stained a daik 
color by the associated ambiosia fungus The tunnels and 
breeding habits are of two general types The beetles of one 
gioup of geneia are semisocial m nature, rearing their young m 
large communal galleries and sealing dead membeis of the colony 
m special death chambers In the other gioup, each laiva 
develops m its owm sepaiate larval chamber, excavating it as it 
grows (Fig 25) In both groups, the chief food of the developing 
laivae consists of the spores of the ambiosia that fiuit m wdnte 
masses on the surface of the laival chambers Accoidmg to 
Hubbaxd (1897), the ambrosia fungi associated with these tw r o 
gioups of beetles also are different as indicated by the method oi 
spore formation 

The ambrosia fungi invade the wmod for only a short distance 
fiom the tunnels and apparently do not cause a decay of the 
wood although the cells adjacent to the tunnels are stained dark 
brown or black The fungi live chiefly on the contents of the 




Fig 25 —The two general types of ambrosia-beetle tunnels 1, the communal 
gallery of Xyleboms xylographus m hickory wood a ana b, deatn chambers or 
special portions of the turnels m which dead individuals are sealed off The 
ambrosia fungus grows and sporulates over the surface of the entire communal 
gallery 2 the tunnel of M onarthrum mail the rvpe characterized b> *nd v’dna 1 
iarv al galleries The ambrosia fungus fruits on the suriace of the lari al galleries 
There appear to be two general tjpes of ambrosia fungi tonespondmg to the two 
t\pes of tunnel (After Hubbard I 

In those geneia in which the young are leaied m a common 
gallery, the lanae have mouth pans not suited for chewing wood, 
and they apparently feed entirely on the fungus The larvae 
that develop in individual chambeis hate stiong mandibles 
that are used to boie out the chamber In doing this they 
consume some wood m addition to the tungus Although 
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there is no e\penmental evidence, it is generally assumed that 
the ambiosia fungi, by concentiatmg the nitiogenous elements, 
serve as a supplement to the wood and provide the insects with 
a more suitable and efficient diet Other fungi and yeast are 
often found m the tunnels, but they aie suppressed by the beetles 
so that the ambrosia fungus grows as if m pure culture As soon 
as the tunnels are deserted by the beetles, the ambrosia fungus 
is immediately overgrown by secondary fungi 

According to Schneider-Orelli, the ambrosia fungus of Xyle - 
bonis dispar is transmitted to successive generations m the form 
of spores m the crop of the female beetle who regurgitates them 
to start a culture m the new 7 - tunnel Negei, however, thinks 
the spores are passed through the insect’s body and survive m a 
viable condition in pellets of exciement Schneider-Orelli 
states that the spoies taken directly from the tunnels of X 
dispai do not geiinmate, but if recovered fiom the crop of the 
female beetle they germinate leadily Howevei, this is not true 
for all ambiosia fungi Strohmeyer (1911) has described several 
species of ambiosia beetles fiom specimens collected m the 
tiopics m which the female beetles have special chitmous bristles 
on the fiont pait of the head m wffiich spores and mycelium of 
the ambiosia fungi aie always found He has mteipieted these 
structures as special oigans foi the transportation of spores and 
mycelium of the fungus to be used m establishing cultures m the 
new brood chambeis 

Taxonomic studies of the ambiosia fungi aie conspicuous by 
then absence Xegei (1908, 1909) expressed the opinion that 
the ambiosia fungus of Xyleborus is an Endomycete, but neither 
he noi Sehneidei-Orelk (1913) reached a final conclusion con¬ 
cerning the identity of the fungps The fruiting structures of 
these fungi as they occui in nature aie relatively simple, and very 
few of them have been studied m artificial culture Trotter 
( 1934 ) recently reported the study of an ambiosia fungus 
associated with a beetle of the genus Xyleborus found m the wood 
of Biou'nea grandicepis Jacq m Ceylon He observed the 
f ambrosia’ 1 m material imported into Italy from Ceylon, 
grew the fungus m several hanging drop cultures, and observed 
the manner of fructification In addition to the usual Momha- 
kke growth, he observed a second layer of mycehum super¬ 
imposed upon it and forming an abundance of fusiform, hyahne 



SYMBIOSIS BETWEEN INSECTS AND MICROORGANISMS 53 


spores On the baus of limited observations he concluded that 
the superimposed fungus was a second spoie fomi ot the first 
For this pleomoiphie ambiosia fungus, he established a new 
genus Ambrosiamyces and named it A zeylanicvs 
Leach, Hodson, Christensen, and Chilton (1940) hate lecently 
xeported obseirations on two species of ambiosia beetles (Tiypo- 
dendron betulae Set and T retwsus Lee ) found m white bnch 
(.Betula papyrifera) and m aspen \Populu $ tiemuloide *), le^pec- 



Fig 26 — A a section through a pcwtion of a brood gallery Ox Trynodn 
retusus in aspen wood showing the main tunnel blackered oy growth Ox the 
ambrosia fungus and se\ eral larval chambeis arising %erncail\ at ^ght angles 
from the mam tunnel The eggs are deposited n small menes m the upper ard 
lower surfaces of the mam tunnel When the\ hatch the lar\ae Do^e thexr 
tunnels as the\ grow The white touting layer oi the fungus mav oe seen on the 
tv alls of the larval chambers Two larvae a^e shown m the^ chambers B, an 
enlarged view of a small section of an egg gahe^j and a single ] a r ^ ai chamber 
showing the white mass o ambrosia fungus cons stmg ^a^geij of spores 


tively These closely ielated species ot ambiosia beetles aie 
found only m dying trees They are unable to establish them¬ 
selves m living tiees, and dead ones aie not attiactive to them 
probably because of low moistuie content The tunnels are 
more abundant neai the base of the nees their frequency 
gradually diminishing toward the top The uppei limit of 
infestation coincides veiy closely with the lowei limit oi the 
living bark The hie histones and breeding habits ot the two 
species are veiy similai 

Both species form brood galleries in which the laivae are 
reared m individual larval ciadles vFig 26) In those of T 
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retusus, there is a single entiance tunnel that extends into the 
wood for a short distance (34 to 34 inch) and then branches to 
foim two tunnels passing m opposite directions honzontally 
thiough the sapw r ood nearly parallel to the surface The eggs 
are deposited m niches on the upper and lower sui faces of the 
galleries The galleries of T betulae are veiy similar to those of 
T retusus, but they penetrate more deeply into the heartwood 

There is only one brood of the beetles annually Infestation 
takes place m May, and the new brood matures m late summer 
and leaves the tiees shortly thereafter The beetles apparently 
do not overwmtei m the trees, but it is not known where and 
how they hibernate 

The ambrosia fungi associated with these two beetles also 
are veiy similar and are m all probability merely strains of the 
same species The ambrosia fungus is obviously mtioduced 
into the wood by the beetles and may be observed giowing on 
the walls of the tunnels within a few T days aftei the beetles entei 
the tiee It appears first as a glistening white oi cieam-coloied 
mycelial growth but rapidly becomes darkei, staining the walls a 
dark-biow n color that is almost black The walls are thoioughly 
invaded by the brown mycelium, but the fungus does not sporu- 
late extensively m the mam gallery The female beetles deposit 
then eggs m niches, and each egg is covered with a pad of fiass 
that is always permeated with mycehum of the ambiosia fungus 
When platings are made fiom the frass that coveis the eggs, 
cultures of bacteria, yeasts, and othei contaminating fungi aie 
often found but the mycelium of the ambrosia fungus pie- 
dominates In a way not cleaily understood, the beetles aie 
able to suppiess the development of all extianeous fungi so that 
the ambrosia fungus appears to be growing m pure culture 
However, if the beetles are removed from the tunnels, the 
ambrosia fungus is completely overgiowm by othei fungi 
As the eggs hatch, the young larvae bore out their own. cradles, 
enlarging them as they increase m size The larvae aie oriented 
with their heads aw T ay from the mam tunnel, and as they feed 
upon the wood they enlarge their cradles The fiass is pushed 
out into the mam tunnel, from which it is pushed to the surface 
by the adult beetles Almost as soon as the larvae begin to 
enlarge the egg mche into a larval cradle, the ambiosia fungus 
begins to fruit on the surface of the walls of the cradle m white, 
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glistening masses (Fig 26 B) The hyaline umcellulai spoxes 
axe pi educed on short, erect spoiophores arranged m palisade 
layeis over the surface of the wood (Fig 27) These spores 
aie eaten by the larvae as they enlarge the eiadle, but new 
layeis of spores are repeatedly formed 

Pnor to pupation, the larvae reverse their usual position m 
the eiadle and face the mam gallery, occupying this position 
dux mg metamorphosis, on maturity, the new beetles eat then 
way thiough the plug composed of frass on which the fungus is 
usually fiuitmg (Fig 28) The beetles thus have every oppox- 




Fig 27 —A cross section of the wood forming the wall oi a la-\ al chamber of 


Trypodendon betuh showing the palisade layer of spoiophores ot the ambrosia 
ningus Approx 100 X 


Tunity of becoming contaminated with the ambrosia fungus both 
internally and externally before they emerge The fungus 
does not survive metamorphosis within the body of the pupae 
The fate of the fungus aftei emergence and during hibernation 
has not been determined 

The spores of the ambrosia fungus germinate very erratically 
on aitificial media, those oi the fungus associated with T beiulae 
germinating more readily than the otheis Spores produced m 
artificial culture germinate more readily than those taken directly 
from the tunnels Both strains of the fungus have been obtained 
m pure culture where only minor differences could be observed 
The mycelium is hyaline at first, becoming brown with age and 
staining the medium brown At first tne fungi sporulate veiy 
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Fig 2S —T^o pupae of Trypodendron returns with heads taw aid the mam 
gallen Note the white masses of ambrosia fungus growing on the mass of 
fi ass separating the pupal chamber from the mam tunnel Approx 8 X 
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poorly m artificial culture, forming only impel feet momlioid 
spores that tend to remain attached and to bud in situ White 
patches and sectors, both of which produced laige numbexs ot 
hyaline, erect spoiophoies, latei aiose on the biown mycelial 
culture When the patches 01 sectois weie subculfuied, a 
culture that spoiulated abundantly was obtained The spoie^ 
formed m culture are hyaline with thin walls and aie ovoid to 
round They tend to be more spherical than the spores formed 
m the tunnels (Fig 29) They lange from 6 to 17 microns m 
length and fiom 6 to 14 microns m width with average dimension*- 
of 11 38 by 10 09 microns The spates aie cut off basipetally 
and the growth of the sporophoie is mdeteimmate 

The fungi fall within the xange of the genus Monika and, 
pending more extensive taxonomic studies of the ambiosxa 
fungi, they are considered to belong to the species Monika 
Candida Hartig 

Termites and Fungi.—The termites although considered a 
primitive group of insects, are equal to the ants and the bees 
m the complexity of their social oigamzatxon Their extensive 
caste system, their fungus cultivation and other aspects of their 
social life have been so veil described by Wheeler ? 1907 1923 
and Kofoid et al (1034) that only the moie significant aspects 
of their associations with fungi and other micioorganr-ms will 
be included m the following discussion 

Termites are a primitive although ancient, group oi insects 
closely related to the cockroaches They live m highly organized 
colomes and have a complicated caste system including vorkers 
soldiers and reproductives ^Fig 30) As a group, they teed 
largely on cellulose and fungi 

The termites fall into two large groups based on their food 
habits One group feeds primarily on vood and associated 
fungi, and the other feeds largely on fungi that are culm ated 
in special fungus gardens m then domatia The v cod-eating 
termites are often extremely destructive to buildings and other 
v ooden structures 

The fungus-cultivating termites are confined chiefly to Asia 
Africa, Australia, and various islands of the Old Woiid They 
live in large nests, or termitana, vhich may be built under¬ 
ground, or in variously shaped, mud-covered structures abo\e- 
ground (Fig 31) The fungi are cultivated on the excieta of 
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Fig 30 —The different castes and nymphal stages of the western subterranean 
termite ( Reticuhtermes hesperus Banks) a, winged reproductrv e b dealated 
reproductive, c a very young nymph caste not jet evident, d, third-mstar 
nymp, caste not evident e, late nymph of reproductive caste, /, mature worker 
caste, g, mature soldier caste h, mature breeding queen, i, short-wmged braehy- 
pterous, or second-form individual of the reproductive caste, called a ‘supple¬ 
mentary reproductive” j, wingless, apterous, or second-form individual of the 
reproductiv e class, also known as a supplementary reproductive (After Kofoid 
fi at > 
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the termites in special compartments of the termitanum The 
spores of the fungus are ingested by the termites, are passed 
uninjured through the intestinal tracts of the workers and thus 
are introduced automatically into the substrate The fungus 
is used almost e\clusi\ ely as food for the young and for the royal 



Fig 31 —4 termitanum oi the Philippine mound-building termite Wacrotcrmes 
gihus cut open to show the spongehhe fungus gardens {Ajte~ Kojoid et al ) 


castes The soldiers and woikers do not feed upon the fungus 
but use other plant material 

Very little is known about the identity of the fungi cultivated 
by the termites Fruiting bodies of Xylana and Yolvana 
have been found associated with the gardens and are thought 
by some to be identical with the fungi m the gardens How ever, 
very few of the fungi associated with the termites have been 
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studied extensn ely, and more careful taxonomic studies are 
desirable 

Many species of termites that do not cultivate fungi m special 
gardens feed on wood decayed by fungi Others are able to 
destroy healthy wood, but it has been observed that the wood 
adjacent to the tunnels made by the termites is always infested 
with fungi This suggested the possibility that even these 
species might be more closely associated with fungi than previ¬ 
ously supposed Accordingly, Hendee (1933) has made a 
study of the association of fungi with three species of termites 
[Kalolermes minor (Hagen), Reticuhtermes hesperus Banks, and 
Zootennopsi s angusticollis Hagen] that are destructive to build¬ 
ings Hendee isolated 33 known genera and 20 nonsporulatmg 
cultures of fungi from the termites or their burrows Pent- 
cillium and Trichodei ma were the genera most constantly present, 
but there was no evidence of a specificity of association as the 
same species are found m nature independent of termites 
The termites however, are never found without the fungi 
There was no correlation between the fungi present and the 
species of wood attacked by the termites It was shown that 
the termites regularly transported viable spores into locations to 
which they would not have access otherwise and that the fungi 
invaded the wood a short distance ahead of the excavations of 
the termites The fungi associated with some termites (Reti¬ 
cuhtermes and Zootermopsis) causes a definite wood decay 

In a further senes of nutntional experiments with Z angusti - 
colhs , Hendee (1935) has shown that the fungi play an essential 
role m the natural diet of the termites This was done by 
feeding the termites on various fungus-containing and fungus- 
free diets and measuring the effects of each by several different 
cntena In interpreting the role played by fungi, Hendee 
states 

The fungi offer a source of proteins They probably supply vitamins 
w Inch are essential to the normal growth and development of termites 
Through the secretion of extracellular enzymes they may render the 
wood itself more available It is not known what effect the fungi may 
have on harmful extractives of the wood 

Termites and Protozoa,—A discussion of the symbiotic life of 
termites would not be complete without a brief consideration 
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of the symbiotic protozoa and the part they pla> m the nutrition 
of these insects It is now known that practically all species of 
wood-eating termite* harbor m their intestinal tracts large 
numbers oi protozoa The significance oi these symbiotic 
protozoa has been studied extensively by Cleveland (1923 to 
1934) who proted experimentally that they are necessary for 
the digestion of the cellulose of the wood on which the termites 
ieed Cleveland (1924, 19256, 1925c) found that the termites 
could be freed of protozoa by subjecting them to high tempera¬ 
tures (24 hours at 36 degree* centigrade) or by oxygenation 
Such defaunated termites died oi starvation within 10 to 20 days 
if kept free of protozoa, but if recontaminated with the protozoa 
of their normal intestinal fauna, they continued to live and 
develop normally Mansour >1934£A has que*tioned Cleveland s 
conclusions and adduces evidence to support the view that the 
relationship is not mutualistic symbiosis but one oi commen¬ 
salism, m wfineh both termites and protozoa get all their required 
food from the wood and dome no benefit irom the association 
However, the more recent work of Hungate • 1936 1938) sup¬ 
ports the conclusion that the protozoa are e*sential m the diges¬ 
tion of cellulose This author has made e\ten*i\e quantitative 
studies of wood digestion m faunated and deiaunated termites 
(Zootermopsis nevadensis and Z angasucolhb » He conclude* 
the protozoa are responsible for digesting approximately two- 
thirds of the total amount of wood that is utilized and That the 
remaining one-third is at ailable without the aid oi the protozoa 
The latter quantity, however is not sufficient to meet the 
energy requirements of the termites, which i* shown to be seven- 
eighths of the total amounts of wood digested by all agencies 
Cleveland (1925a, 1928) cultivated reproductive colonic^ or 
termites for more than 18 months on a diet oi filter paper and 
concluded that they could live indefinitely on a diet oi pine 
cellulose although he was at a lo-s to account ioi the source oi 
nitrogen required for then fortyfold increase m weight He 
concluded that t4 they must be able m some way to fix atmospheric 
nitrogen which they use m manufacturing proteins oi else, 
contrary to the current opimon they must be able to transform 
carbohydrates into proteins’" He was unable to demonstrate 
fixation of atmospheric nitrogen, and as the other alternative is 
obviously impossible the question of the source oi nitrogen \vu 
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left unanswered Cook and Scott U933) have questioned the 
ability oi termites to survive on a diet that includes carbo¬ 
hydrates proteins «ah>, and vitamins A, B, D and G These 
authors used as criteria the viability and the gioup weight of 
nonproductive colomes over a relatively short period oi time 
and placed considerable weight on the presence or absence oi 
cannibalism The^e criteria aie subiect to some criticism 
because as pointed out by Hendee <1935) canmbahsm often 
occuiN in normal c Glome- on a natural diet of rotten wood 
Tin- might account 101 a deciease m weight and number dining 
the fir-t lev month- that could not be attributed to a deficient 
diet Even though the termites may not be able to suivne 
indefinitely on a diet of pure cellulo-e a- claimed by Cleveland, 
hi- data indicate that the colony lived and thrived foi a mix- 
pnsnigly long time on a diet oi pure cellulose 

Utaiov ^ 1928} m di-cussmg the nutrition oi termites, com¬ 
mented “The mo-t difficult problem is not the digestion of 
cellulose but how to diseo\ei the means by which the deficient 
nitrogen i- obtained The only suggestion made m this dnection 
i- that symbiotic microorganisms are able to fix atmospheric 
nitrogen but there i- no evidence of any kind m mppoit of this 
theoretically very reasonable view ” 

A possible explanation oi the apparent ability of termites to 
ttime on a nitrogen-deficient diet has been offered by Leach 
and Granovsky 1938) The hypothesis is based on a possible 
nitrogen cycle within the termite colony The symbiotic micro¬ 
organisms including protozoa, bacteria and spirochetes, are 
localized in an enlargement oi the hind-gut postenoi to the point 
where the Malpighian tubules enter the intestinal tract (Fig 
32) The urates and other nitrogenous waste products excreted 
by the Malpighian tubules are probably utilized as food by the 
microorganisms and elaborated into protoplasm Since procto- 
daeal or anal, leecLng The feeding on excreta of other individuals) 
is common among termites the bacteria and protozoa or their 
dead bodies obviously are consumed by some individuals of the 
colony Refaunation ha^ been considered the principal function 
of anal feeding It may aho play a part m the nitrogen economy 
within the termite colony The synthesis of protoplasm from 
urates by the protozoa and the utilization of the dead protozoa 
a- food by the termites w ould permit the same nitrogen supply 
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10 be used ovei and over In this way, the metabolic processes 
of the termite colony could continue indefinitely as long as 
caibohydrates were available The maximum size of the colony 
would of course, be limited by the amount of nitrogen originally 
available m the bodies of the founders of the colony Within 
this limit, such a nitrogen cycle within the termite colony would 
permit the colony to live for a very long time on a diet apparently 
consisting of cellulose only 



lit, 32—Intestinal tracts of worker and soldier castes oi Calotermes flan- 
collis Fabr a, oesophagus, b, Malpighian tubules, c, enlarged pert on ot hind- 
gut m which protozoa a^e localized, d rectum Note that the enlargement 
containing the protozoa is behind the point of entrance of the Malpighiar tubules 
(Redrawn from Buchntr’s “ Tier and Pflanze in Symbioseby ptrmission ot 
Gebruder Borntraeger ) 


It is also probable that some nitrogenous matter demed from 
dead piotozoa within the digestive canal is absorbed directh 
through the anterior region of the hind-gut Child (1934) 
m a study of the internal anatomy of termites concluded that 
some portion of the voluminous organ formed by the vestibule 
large intestine, and caecum must absorb the digested food 
material This organ with ns large expanse of thin walls 1 s ? 
bathed by the hemolymph and is excellently suited to the 
purpose The conclusion is supported al&o by the fact that the 




Fig 33 A sectional view of a portion of a nest of the fungus-cultivating ant 
Atta vollenweideri showing the chambers containing the spongy fungus gardens 
(After Wheeler , with permission of Harcour+, Brace & Company ) 


habit of termites is also based on a similar nitrogen economy 
It is well known that the fungi cultivated by the termites grow 
almost exclusively on the excreta The fungi transform nitrog¬ 
enous waste products into fungus protoplasm, which is m turn 
consumed by the termites to form more excreta on which to 
grow T more fungi 

Ants and Fungi* Ants are among the most highly developed 
insects, and, according to Wheeler (1923), “the number of 
individual ants is probably greater than all other insects” 
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They are highly social m their life habits The leaf-cutting 
ants and the fungi that they cultivate constitute one of the 
best examples of ectosymbiosis of insects and fungi Other 
species of ants are often associated to a lesser extent with fungi, 
and a few species have been suspected of being vectois for plant 
pathogemc fungi Wheeler (1907, 1923, 1937) and Webei 
(1937, 1938) have given such a full account of the biology of 
these ants and their associated fungi that only the briefest 
outline will be given here 



Fig 34 —•“Bromatia’’ or globular swellings of the hyphal tips of the fungus 
cultivated by ants The ants feed upon the bromatia m pieference to the normal 
mycelium ( From Wheeler after Carlos Bruch, with the permission of Harcourt, 
Brace & Company ) 


The fungus-cultivating ants consist of about a hundred tropical 
or subtropical, exclusively American species belonging to the 
tribe Attmi These ants live in enormous colomes m extensive 
underground nests They forage on all kinds of vegetation foi 
long distances m every direction Leaves and other succulent 
plant parts are cut and transported into underground nests 
where they are used as a substrate for the cultivation of the 
associated fungus The plant fragments are woiked into a 
spongy pulp on which a luxuriant fungus growth is maintained 
(Fig 33) A different fungus appears to be cultivated by each 
species or group of closely related species of ants 



76 


INSECT TRANSMISSION OF PLANT DISEASES 


As the fungi grow in the “gaidens,” no spores aie foimed, but 
characteristic club-shaped hyphal tips composing the so-called 
“bromatia” are produced m abundance The bromatia con¬ 
stitute the edible portion of the fungus, and, as the swollen ends 
aie eaten, new ones are constantly formed (Fig 34) 




Fig 35 —Saggital sections through the ant head showing the mfi abuccal pouch 
and pellet A a queen of Lasius niger with the mouth open, B , a queen of 
Componotus brutus with the mouth closed, t, tongue, o, oial orifice, ph, pharynx, 
h, mfrabuccal pouch, pe, mfrabuccal pellet {Aftei Wheeler, with permission of 
Harcourt, Brace & Company ) 

The identity of the cultivated fungi has not been determined 
definitely, but the fruiting bodies of certain Agarics and ot 
Xylana have been found associated with the fungus gaidens 
Moller m 1893 described an Agaric found associated with the 
nests of Acromyrex disciger Mayr and named it Rozites gongylo - 
phora Spegazzim m 1899 found a stroma growing from the 
nest of Acromyrex lundi and named it Xylana rmcrura Bruch 
(1922), also, has reported this fungus associated with the same 
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species of ant Wheeler (1907) described a yeastlike fungus 
cultivated by Cyphomyrmex comalensis , named it Tyridiomyces 
formicarum , and placed it among the Exoascaceae, although no 
ascospores were observed These papers and others dealing 
with the identity of the ant-cultivated fungi are reviewed by 
Weber (1938) who has also described Lentmus athcolus Webei 
as the fungus cultivated by A tta cephalotes L 
The technique of cultivation of the fungi by the ants has been 
described m detail by Wheelei (1923) When the ants swarm 
and new colonies are established, the female retains a mass of 
the fungus and leaf tissue, or “ spawn,” m her mfrabuccal pouch 
(Fig 35) After mating and burrowing into the soil, this spawn 
is used m starting a new fungus garden Fresh leaf tissue is 
added to the spawn, and the new garden is feitilized with excre¬ 
ment and often with eggs which are crushed and mixed with the 
substrate (Fig 36) The garden is later cared for by the workers, 
and the larvae feed exclusively on the bromatia 

There is a striking similarity between the fungus-cultivating 
habits of the ants and of the termites Both cultivate then 
fungi m special fungus gardens on an organic substrate The 
termites utilize their excrement as a substiate foi the fungi 
while the ants prepare a special substrate of plant tissue The 
fungus gardens of the ants growing on the substrate, howevei, 
are constantly fertilized by excreta, and Weber considers “that 
the role of the substratum is largely passive, affording mainly a 
convement framework for the nutritive fecal droplets and the 
mycelium which grows on them A cycle is thus set up 

which is theoretically endless, the ants feeding on a fungus which 
m turn grows on the excrement of the ants 3 7 

The mfrabuccal pouch, an organ chaiactenstic of ants, is an 
interesting stiuctuie and demands further consideration from 
the standpoint of fungus associations This pouch (Fig 35) 
is used by ants m general as a screen and repository foi particles 
of solid material not suitable for ingestion When the pouch 
has become filled, the contents are discharged m the form of 
pellets which often contain, among other things, large quantities 
of fungus spores as shown by Bailey (1920) (Fig 37) He worked 
with specimens preserved m alcohol and did not determine the 
viability of the spores taken from fresh pellets Germination 
experiments reported by Leach and Dosdall (1938), however, 
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show that some of the spoies in the mfiabuccal pellets of Formica 
fusca vai subsenca Say aie viable Because ants are constant 
visitois to all paits of plants, both diseased and healthy, these 
obseivations are of considerable significance Ants found con¬ 
stantly associated with a fungus plant disease should be viewed 
with suspicion Although ants have not been mciiminated as 
vectois of plant pathogens in many instances, theie aie a few 
cases on lecoid Foi example, Dade (1927) has lepoited that 
ants aie impoitant vectois of the mealy-pod disease of cocoa 



Fi(jr 37 —Photomicrographs shoeing the fungus spores found in the mfia- 
buccal pouches of six different ants The pellets uere dissected out, ciushed m a 
drop of water on a slide, and photogiaphed (After Bailey) 


m the African Gold Coast This disease is caused by a Phy- 
comycetous fungus (T? achysphaei a fiuctigena), w T hich foims 
masses of spoies on the suiface of affected pods Ants legulaily 
feed upon the diseased pods, and they weie obseived tianspoitmg 
the spoies The ants weie considered effective agents of spoie 
dissemination, although it w T as recognized that the spoies may 
also be scatteied by wind and lam 

Theie is still another way m which ants may be involved 
indirectly m the transmission of plant diseases It is well 
knowm that many species of ants utilize as food the so-called 
“honeydew” of aphids and othei homopterous insects The 
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honeydew is m reality the excrement of these insects and is 
sought by the ants because of its high sugar content The 
plant juices ingested by the aphids and scale insects have a high 
water and sugar content m relation to proteins In order to 
obtain the required amount of protein food, an excess of watei 
and sugar must be ingested This excess is voided m the form of 
the sugary solution known as honeydew Many species of 
ants have acquired the habit of canng for aphids, mealy bugs, 
and other insects so that they may utilize the honeydew to the 
best advantage Individual aphids, for example, aie transpoited 
by ants fiom plant to plant and placed m the proper location foi 
the establishment of colonies Some ants even collect the aphid 
eggs m the fall and preserve them m then nests over winter 
So highly specialized is this relationship that Linnaeus referred 
to aphids as the “ dairy cattle of the ants ” As aphids are 
the most common vectors of virus diseases, it is evident that 
the association is one that should not be overlooked m the study 
of insect transmission of virus diseases and of the control of the 
insect vectors 

Ants that attend the pineapple mealy bug [Pseudococcus 
brevipes (Ckl)], a toxicogemc insect causing a destructive wilt 
of pineapple, are essential for their normal development, according 
to the work of Carter (1933a) No successful attempts to control 
aphids or mealy bugs by conti oiling the ants have been reported 
Unfortunately, effective control of the ants often is more difficult 
than direct control of the aphids or mealy bugs 

Septobasidium and Scale Insects —Couch (1931, 1939) has 
described m considerable detail a unique case of mutuahstie 
symbiosis between the fungus, Septobasidium burin Lloyd, and 
a scale insect, Aspidiotus osborni New and Ckl S Bmtn is a 
well-known Basidiomycete occurnng on the branches of many 
kinds of trees (Fig 38) Although the injury to the tiee is 
slight, the fungus has been considered by some to be a parasite 
Others have held it to be an epiphyte, and still others have con¬ 
sidered it a saprophyte living on the excretions of the scale 
insects Couch has demonstrated that the fungus and the scale 
insects live symbiotically at the expense of the host plant The 
scale insects live among the folds of the fungus where they are 
protected against enemies and unfavorable environment In 
this home furnished by the fungus, the scale insects suck the 
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juices fiom the host plant, grow, and multiply In return, the 
insects supply nourishment for the fungus The mycelium of 
the fungus penetrates the body cavities of a number of the 
insects and forms numerous coillike haustorra The nourish¬ 
ment absoibed from the insects through these haustona supports 
the growth of the fungi The fungus is disseminated entirely by 
young insects that become infected with the fungus and migrate 



Fig 38 — Septobasidium Burtu growing on the bark of Quercus palustris 
Sui face new showing the radiating ridges and depressio -'s that mark the openings 
to tunnels occupied by the scale insects Approx 4 X ( After Couch , by per¬ 
mission of University of North Carolina Press ) 


to new localities Unless the insects are infected when young, 
they r emain free of the fungus, for the older ones are immune to 
infection Some individual insects die and are absorbed by 
the fungus, others apparently digest the fungus haustona, and 
others aie free from infection In Fig 39 is reproduced Couch’s 
diagrammatic representation of this symbiotic relationship 
Similar symbiotic structures, varying with the species of fungus 
and insect, have been reported by Couch 
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This symbiotic association appeals to be uiuveisal m the genus 
Srptobasidium Couch (1935, 1939) has demonstiated it lor 



Fig 39 — 4 diagrammatic representation of the symbiotic association of the 
fungus Septobasidium burtu and the scale insect Aspidiotus osborni The insect 
dem es protection from the fungus, and the fungus dem es its food by pai asitizmg 
some of the insects ( After Couch , by permission of the University of North 
Carolina Press ) 

at least 33 diffeient species Some species of Septobasidium 
are associated with only one species of scale insect while others 
may be associated with several species In geneial, those species 
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of Septobasidium occuirmg on a wide vanety of host plants 
are more likely to be associated with seveial species of scale 
insects 

Bacteria and Dipterous Insects —That type of endosymbiosis 
m which the microsymbiote lives m the lumen of the intestinal 
tiacts or m intestinal diveiticula is well illustrated by the 
symbiotic relations between dipterous insects and bacteria, 
many of which aie involved m destructive plant diseases 
Several of these insects and their symbiotic relationships, 
including the seed-corn maggot, the apple maggot, and the olive 
fly, aie described m detail m Chap VI 

The Drugstore Beetle and Symbiotic Yeast—This is the best- 
known example of endosymbiosis m which the microsymbiote 
has become intracellular and is found m mycetocytes m the 
intestinal wall 01 m the walls of intestinal caeca The relation¬ 
ship between the diugstoie beetle (Sitodiepa panicea L) and 
its symbiotic yeast has been studied extensively by Buchnei 
(1921) This beetle feeds on a vanety of food materials, 
especially dned plant and animal pioducts Digestion of the 
food mateuals is accomplished thiough the aid of a symbiotic 
yeast (Saccharomyces anobn Buchnei) that is closely and con¬ 
stantly associated wuth the intestinal tiact, being found m the 
lumen and also in the epithelial cells of the larval intestine as w T ell 
as m the cells of special caeca m the imago The yeast is trans¬ 
mitted from geneiation to generation through surface-contam¬ 
inated eggs The miciosymbiotes are found m great numbers 
m two mtersegmental pouches, fiom theie, they aie discharged 
into two vaginal pockets fiom w r hich they leach the eggs m the 
piocess of oviposition (Fig 40) The eggs, as they aie laid, 
press against the pockets and become suiface-contaminated with 
the yeast When the eggs hatch, the laivae become contami¬ 
nated fiom the yeast cells adhering to the suiface of the egg shells 

Intracellular Symbiosis m the Homoptera —Intracellulai 
symbiosis leaches its highest development m the Homoptera 
wfliere the condition is piactically umveisal The micro- 
symbiotes aie found deep m the body tissues either free m the 
hemolymph or m individual mycetocytes oi m myeetomes 
Symbiosis of this type has been lathei extensively investigated 
by Pierantom, Sulc, and Buchnei Biam m 1923 summarized 
the literature to that date and drew up a provisional classification 
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of the described microsymbiotes, establishing a number of new 
genera The generic names for these miciosymbiotes living fiee 
m the hemolymph or connective fat tissue weie formed by 
combining the suffix “cola” with some other descriptive word, 
usually the genus 01 class name of the insect Tor those micio- 
symbiotes constantly inhabiting definite mycetocytes or myce- 



iiG 40 The cmpositor of Sitodrepa pamcea shoeing the vaginal pouches 
(a) filled with symbiotic yeast cells that contaminate the eggs at time of oviposi- 
tion, and the long intersegmental pouches (6) in which a constant supply of the 
yeast cells are maintained ( After Breitsprecher, from Buchner’s 11 Tier und 
Pflanzen m Symbiose ” with permission of Gebruder Borntraeger ) 

tomes, the suffix myces 7J is used Thus, Lecaniocola, Cicadocola, 

and Cicadomyces, Aphidomyces , etc Foity-two species of 
microsymbiotes belonging to 13 geneia were described 
A typical representative of this type of symbiosis has been 
described m some detail by Granovsky (1929) who studied the 
intracellular symbiotes of Saissetia, oleae (Bernard) taken fiom 
oleander plants growing m a greenhouse The yeastlike symbiote 
(Fig 41a) was found constantly associated with all stages m the 
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development of the insect, although they weie moie abundant m 
half-grown nymphs and m young females No similar organism 
was found on the leaf suiface, m the honeydew secreted by the 
insect, or elsewhere outside the insect body The microsymbiote 
was not grown m artificial cultuie, but it was seen to multiply 
by budding duung the first 24 hours when suspended m a hanging 
drop of normal salt solution 

Histological studies showed that the microsymbiotes occurred 
free m the hemolymph as well as m the cells of the connective 
fat tissue As the amount of fatty tissue decreases, m mature 
females, the miciosymbiotes decrease m abundance, piobably 
by death and disintegration The association of the micro- 



Fig 41 — Lecamocola saissetiae the ^eastlihe symbiote of Saissetia oleae a, 
the symbiote showing multiplication b> budding in a normal salt solution within 
24 hours after remo\al from the insect, b and c, the symbiotes invading the 
developing egg from the nui se cells ( After Granovsky ) 


symbiotes with the fatty tissues has suggested that they may aid 
m the digestion of the reserve foods duung the reproductive life 
of the insect Congenital transmission is accomplished by 
internal infection of the eggs This apparently occurs through 
the anterior end of the egg through the nurse cells (Fig 416) 
or by direct penetration near the anterior pole The organism 
was described and, following Brands system of nomenclature, 
named Lecamocola saissetiae 

Perhaps the most highly specialized type of symbiosis of this 
kind is represented by that found m the Aphididae All members 
of this family are equipped with a large mycetome divided into 
two longitudinal halves This structure was first obseived and 
described by Leydig m 1850 and was furthei studied by Huxley 
(1859), who applied the name “pseudovitellus ” to it Pieiantom 
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(1909, 1910) and Sulc (1910) were the fiist to demonstiate the 
piesence of symbiotic miciooigamsms m the stiuctuie, Sulc 
mtioducmg the terms “mycetome” and “mycetocyte ” The 
most recent and most exhaustive study of the mycetome of the 
Aphididae is that of Uichanco (1924), who has descubed m detail 
the method of congenital tiansfeience of the mycetome and the 
included symbiotes The folliculai epithelium becomes infected 
by the symbiotes dui mg the eaily stages of development and 
haibois them m a doimant condition Duiing the eailiei 
cleavage stages of the egg, the dormant symbiotes come m contact 
with the egg yolk and aie stimulated to lapid multiplication 
As a lesult of the giowth of the symbiotes, theie is a swelling 
of a portion of the folliculai epithelium, the symbiotes bieak 
thiough the thin epithelial cells, invade the postenoi poition 
of the egg cavity, and appropnate the yolk mass enclosed theie 
In this way, every individual leceives its complement of myceto- 
cytes and the associated microsymbiote 
After birth of the aphid, the mycetocytes cease to multiply 
but mciease to approximately double then ongmal size The 
symbiotes, howevei, multiply extensively As the insect 
reaches maturity, the mycetocytes begin to degeneiate until 
the death of the insect, when only a few aie left 

The mycetome is piesent m eveiy individual aphid, both male 
and female, xegardless of method of lepioduction This con¬ 
stant association of the miciosymbiotes would indicate that 
they play an important role m the biology of the aphids, but then 
function is still an unansweied question 

Rickettsia—This name is applied to a gioup of very small 
bactenahke miciooigamsms that are found living symbiotically 
m the alimentaiy canal of many insects and othei aithiopods 
They are found fiequently wnthm the epithelial cells wheie they 
appaiently cause no mjuiy although some workers considei them 
parasitic instead of symbiotic They also may invade othei 
tissues, including the salivary glands from wthich they enter the 
salivary secietions Moreover, most of them appear to be 
congemtally transmitted to successive generations through the 
eggs Rickettsia are Gram-negative and stain poorly wuth aniline 
dyes but take the Giemsa stain readily They aie usually less 
than half a micron m diameter It is extremely difficult if not 
impossible to cultivate them m artificial media 
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A numbei of Rickettsia aie pathogenic to animals, causing such 
diseases as typhus fever, the Rocky Mountain spotted fever, 
and tiench fever The generic name Rickettsia was first used to 
designate the pathogen of typhus fevei (.Rickettsia prowazekn) 
This binomial honois Ricketts and Piowazek, two mvestigatoi s 
who died of typhus fever while investigating the disease The 
pathogenic Rickettsia are all tiansmitted by aithropods and aie 
adapted to alternate existence m arthropods and m higher 
anrmals 

Swezy and Sevenn (1930) have reported Rickettsia-like micro- 
oigamsms m the epithelial cells and lumen of the intestines of 
the sugar-beet leaf hopper (.Eutettix tenellus) These workers 
suggested a possible relationship of the Rickettsia-like organisms 
to the cause of curly top of sugar beets Theie is, however, no 
convincing evidence that the microorganisms are concerned m 
causing the disease No plant parasitic Rickettsia are known 

In the preceding discussion, it nas been possible to touch only 
briefly upon a few of the most important aspects of the subject 
of symbiosis between insects and miciooigamsms The subject 
is extiemely complicated, and although a large body of informa¬ 
tion has accumulated m recent years, the principles underlying 
the phenomenon are only imperfectly known Relatively 
little accurate information is available on the physiological 
bases of symbiosis, and the biological significance of the associa¬ 
tions is not well understood It is evident, however, that 
symbiosis between insects and microorganisms is a relatively 
common phenomenon and that such associations are often 
directly concerned in the spread and development of plant 
diseases For these reasons, it is obvious that the subject should 
not be neglected by anyone interested m insects as vectors of 
plant pathogens 
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CHAPTER IV 

THE RELATION OF INSECTS TO THE SPREAD AND 
DEVELOPMENT OF PLANT DISEASES 

HISTORICAL 

The parasitic nature of the most common plant diseases was 
not recognized until the middle of the nineteenth centuiy Pnoi 
to this time, the autogenetic theory of the cause of plant diseases 
pievailed Fungi were known to be associated with the diseased 
plants, but they w r ere thought to be a result of the disease rather 
than the cause For example, such parasitic fungi as the rusts 
and smuts were visualized as products of the disordered sap of 
the diseased plants The spores of these fungi had been seen 
through the microscope, but it was not known that they could 
geimmate and infect healthy plants It is only natural that 
few r or no significant obseivations concerning the xole of insects 
m the spread and development of plant diseases w 7 ere made 
until the true natuie of paiasitic plant diseases was recognized 
The publications of De Bary, beginning m 1853, proved 
conclusively the parasitic habits of fungi associated with diseased 
plants De Bary’s woik and that of his contemporaries, Julius 
Kuhn and the Tulasne biotheis, changed the'whole concept of 
the natuie and cause of plant diseases During this period, 
Pasteui and Koch proved and established the geirn theoiy of 
animal diseases, and m 1881 Bui nil demonstiated, foi the first 
time, that bacteria could cause plant diseases These funda¬ 
mental discovenes gieatly stimulated the study of both plant 
and animal diseases, and lapid advances w'eie made At fiist 
the greatest emphasis was placed on the discovery and piool 
of the causes of the various diseases Many new 7 miciooigamsms 
w^ere found and described, and their pathogenicity was pioved 
Later, attention was turned to the means of spread and t<3 the 
factors influencing the development of diseases It w T as then 
that pertinent observations and experiments on the i ole of 
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insects were made This does not mean that the idea of insect 
transmission of diseases did not appeal until the parasitic 
nature of diseases was lecognized Indeed, theie are numeious 
early refeiences to the subject and expressions of opinion that 
insects weie concerned m the development of diseases of both 
plants and animals Some of these theones weie based on careful 
observation and boie some elements of truth Many of them, 
however, weie imaginary and inaccurate, and none of them 
received much credence at the time It was only after later 
e\peiindentation had established the leal nature of the relation- 
ships that those eaiher observations, which were so near the 
tiuth, appeared significant A classic example is that of the 
Italian physician Meicunales, who, in the sixteenth century, 
formulated a theory that the plague (Black Death) was spread 
by flies He held that the disease was transmitted by flies 
feeding upon excretions of diseased individuals and later defecat¬ 
ing upon human food Although his theoiy was not based on 
experimental evidence and was incorrect, it is nevertheless 
based upon a concept of the infectious nature of diseases that 
was not fully appieciated until 250 years latei 

The first experimental proof of insect transmission of a plant 
disease was reported m 1891 by Waite, who showed that bees 
and vasps, while visiting pear blossoms m search of nectai, 
were active vectors of the bacteria causing fire blight of peais 
Seven yeais eaiher, Forbes (1884) had observed the tarnished 
plant bug feeding on blighted pear twigs and had expressed the 
opinion that the insects transmitted the disease from tiee to 
tree No experimental proof was offered by Forbes, but the 
correctness of this theory vas verified by Stewait (1913) nearly 
thirty yeais latei 

The proof that the troublesome fire-blight disease was dis¬ 
seminated by bees and other insects served to focus the attention 
of plant pathologists on the pioblem Although Waite’s work 
vas not extensi\e and he left many pertinent questions unan¬ 
swered, he experimentally transmitted the disease by means of 
bees from one blossom cluster to another and protected other 
blossoms from infection by cagmg them and excluding the insects 
He demonstrated the presence of the pathogen m and on the 
mouth parts of bees and wasps caught m the orchard Even 
though the work was fragmentary and incomplete, it marks the 
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beginning of experimental investigation of insects m i elation 
to plant diseases and has furnished the necessary stimulus foi 
furthei study 

In 1901, Takami, working m Japan, showed that the dwaif 
disease of rice, now known to be a virus disease, was brought 
about as a result of the feeding of a leaf hopper (.Nephotettix 
apicalis Motsch) This was a discoveiy of funadmental 
significance, but partly because the woik was published m the 
Japanese language, it was generally overlooked until other 
investigators working with similar diseases had demonstrated 
that virus diseases were generally transmitted by insects In 
fact, according to Katsura (1936), Takami m 1901 did not have 
the concept of the leaf hopper acting as a i ector of an infectious 
disease but rather considered the insect as the sole cause of the 
disease Only after several years of subsequent work was the 
correct nature of the relationship realized and published m 1908 
and 1909 m the reports of tw T o Japanese experiment stations 

Ball, m 1906, five years after the publication of Takami’s 
paper, demonstrated that curly top of sugar beets was associated 
w r ith the leaf hopper [Eutettix tenellus (Baker)] The subsequent 
wmrk of Shaw (1910), Smith and Bonquet (1915), and others 
soon demonstrated the infectious nature of the disease and the 
true lole of the leaf hopper as a specific vector of cuily top 
At about this time, Allard (1912) showed that a virus disease of 
tobacco was transmitted by aphids These discoveries of Ball 
and Allard marked the beginning of a long senes of investigations 
that has shown the great importance of insects as vectors of a 
large number of virus diseases They opened up a new and 
fruitful field of research 

Similar developments were being made m the field of animal 
pathology at approximately the same time that plant patholo¬ 
gists were recognizing insects as important vectors of plant 
diseases As early as 1878, Manson had show n that mosquitoes 
were the vectors of Filai m banciofti, the nematode woim causing 
elephantiasis of man This eaily discovery of the transmission 
of a disease of man by an insect had a profound influence on the 
trend of development m medical science Manson, convinced 
of the potential significance of mosquitoes as vectors of disease, 
stimulated and encouraged Ross m his classic studies on the 
transmission of malaria by mosquitoes The pioneer work of 
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Manson and the concepts based on it maik the leal beginning 
of the scientific study of insect tiansmission of disease 

In 1893, Smith and Kilbourne published then classic woik 
on the transmission of the Texas fevei of cattle by the cattle 
tick This very thorough investigation of the tiansmission 
of an animal disease by a small arthiopod also established new 
concepts and stimulated furthei studies m the field of medical 
entomology 

Bruce, m 1895, demonstrated the association of the tsetse 
fly and the nagana disease of cattle m Africa, this was soon 
followed by the work of Ross (1898) and others proving that 
mosquitoes were lesponsible for the transmission of malaria 
These epoch-making diseovenes led to the proof m 1900 by 
the United States Aimy Yellow Fevei Commission that yellow 
fevei is transmitted by mosquitoes and is dependent upon these 
insects for its existence (Foi a moie complete summaiy of 
insect transmission of animal diseases, see Chap XVI) 

Fuithei advances m the field of plant pathology were made 
m 1909 and 1910 when Petri showed that the olive fly (.Dacus 
oleae ) could transmit the olive-knot disease The intricate 
symbiotic association of this insect and several species of bacteria, 
including the olive-knot pathogen, lllustiates a high degiee of 
adaptation between insects and bacteria that is of great sig- 
mfiance m plant pathology 

In 1911, E F Smith lepoited pioof of the tiansmission of 
bacterial wilt of cucurbits by the stuped cucumbei beetles 
This was followed by moie complete lepoits by Rand (1915) 
and by Rand et aJ (1916, 1920) who pioved conclusively that 
the cucumber beetles weie vectois of the disease and piobably 
the only means of tiansmission of the disease m natuio They 
showed also that the pathogenic bacteria were preseived ovei 
winter m the bodies of the insects and that the ovei wintered 
insects w^ere responsible foi primary infection m the spimg 
The disease appears to be entirely dependent upon the insects 
for its spread and survival 

In the same year, Norton (1911) published a papei of con¬ 
siderable historical interest. This w r as a shoit article entitled 
“The health of plants as related to insects ” It apparently 
was the first article of a general nature ever published on the 
subject of insects m relation to plant diseases Norton reviewed 
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briefly the association of insects and plant diseases known at 
that time and called attention to the importance of the subject 
and the need foi fuither study He classified the action of 
insects on plants according to the following categories 

1 Direct injuries 

a Physiological troubles following injury 
b Diseases caused bv the presence of insects or their products 

2 Diseases indirectly caused bj insects (by dissemination of the patho¬ 
gens) 

Two years later, Heald (1913) published a well-organized 
summary of the agencies and methods of dissemination of plant 
pathogenic fungi Using this article as a starting point, Gaidnei 
(1918) published a somewhat more extensive treatment of 
“The mode of dissemination of fungous and bactenal diseases of 
plants ” In both these papeis, the gi owing lecogmtion of the 
impoitance of insects m the dissemination of plant pathogens 
is obvious 

A discoveiy of fundamental inteiest was made by Ball m 1918 
when he demonstrated that much of the so-called “tipbum 11 
of potatoes was caused by the feeding activities of the potato 
leaf hopper (Empoasca fabae Hams) His discussion of this 
injury gave rise to a new concept m plant pathology and led to 
further investigation of the toxic effects of insect feeding punc- 
tuies and the many obscuie diseases that aie associated with 
such injuries Since then, numeious diseases of similai nature 
have been described, and much has been learned about these 
“toxicogenic” insects and the diseases that aie caused by them 

In the 30 years following the pioneei work of Waite, a con- 
sideiable amount of woik on the subject of insect transmission 
of plant diseases appeared m the liter atui e These lepoits 
were videly scattered m penodicals and bulletins In 1920, 
Rand and Pieice published an aitiele entitled “A coordination 
of our knowledge of insect transmission m plant and animal 
diseases ” In this 42-page article, “written pnmanly m the 
interests of plant pathologists,” the authors summarized and 
coordinated the hteiatuie m both fields of work They recog¬ 
nized and pointed out certain principles common to insect 
transmission of both animal and plant diseases and used these 
principles as a basis for classification of the known phenomena of 
insect transmission As a direct result of the interest created 
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by this papei, the American Phytopathological Society and the 
American Association of Economic Entomologists at then 
annual meetings m Toronto, Canada, on Dec 31, 1921, held a 
joint symposium on “Insects as disseminators of plant diseases” 
(Rand, Ball, Caesai, and Gaidnei 1922) This symposium 
created still greatei interest m the subject and made evident 
the need for closer cooperation between plant pathologist and 
entomologist 

In 1921, theie appealed a book entitled “Tiei and Pflanze m 
Intracellulai Symbiose,” written by Buchner, a Geiman ento¬ 
mologist who for a number of years had been investigating the 
phenomena of symbiosis between insects and miciooigamsms 
In 1930, the book was levised and its scope expanded undei the 
title “Tier and Pflanze m Symbiose ” These books bring 
togethei for the hist time the scatteied mfoimation on the 
fundamental phenomena of symbiosis between insects and 
micioorganisms, although the subject is not tieated from the 
viewpoint of plant pathology, the pioblems dealt with aie very 
significant m the study of insects m i elation to plant diseases 

The increasing interest in the subject of insects m i elation to 
plant disease was shown m 1929 when Boning published m 
Germany an extensive critical review of the literatuie on “Insek- 
ten als Uebeitrager von Pflanzenkiankheiten ” The growing 
importance of virus diseases fiom this standpoint is manifested 
by the pieponderance of citations of literatuie m this field 
In 1931 and 1933, Smith published summaries of the accumulated 
knowledge of vnus diseases m which he devoted consideiable 
space to the subject of insect transmission of viiuses These 
were followed by a geneial textbook of vnus diseases of plants 
(Smith 1937) 

The appearance of the destructive and spectacular Dutch elm 
disease m Europe and America and the pi oof of its dependence 
upon insects have, m a veiy dramatic way, focused the attentions 
of both entomologists and plant pathologist on the importance 
of insects as vectois of plant diseases Investigations of this 
disease have demonstrated to a striking degree the necessity of 
cooperative effort m the study of msect-transmitted diseases 

The general subject of insects m relation to plant diseases 
was reviewed m 1935 by Leach, 'who pointed out its importance 
and promise as a field of research and urged its further develop- 
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merit A giowing interest m the subject was manifested m the 
symposium on insects m relation to plant diseases conducted 
jointly by the Entomological Society of Amenca, the American 
Association of Economic Entomologists, and the American 
Phytopathological Society at Indianapolis, Ind , m 1937 In 
this symposium, vanous aspects of the subjects were treated by 
Granovsky (1938), DeLong (1938), Kunkel (1938), Seails (1938), 
Leach (1938), Poos (1938), Ingram (1938), and Stevens (1938) 

In general, the progress of plant pathology has paralleled that 
of human and animal pathology The importance of insects m 
human pathology has led to the development of the extensive 
and rapidly gloving field of medical entomology The trend 
of events seems to indicate that a similar development is taking 
place m the science of plant pathology 

HOW INSECTS AID IN THE SPREAD AND DEVELOPMENT 
OF PLANT DISEASES 

Insects influence the development of plant diseases m many 
different ways For convenience the vanous types of association 
may be classified according to the paiticulai function performed 
by the insect Insects may be responsible foi, or aid m 

1 Direct production of a disease without the help of a pathogen, usually 
by the injection of a toxic substance into the tissue of the plant 

2 Dissemination o± the pathogen 

3 Inoculation of the suseept w ith the pathogen 

4 Ingression of the pathogen into the suseept 

5 Invasion of the suseept by the pathogen 

6 Preservation of the pathogen 

Direct Disease Production.—Some insects, m feeding upon 
plants, cause only mechanical destruction of the tissues upon 
which they feed Otheis cause injury to tissues some distance 
removed from the point of feeding The degree of mjuiy may 
vaiy from relatively local lesions to a geneial systemic effect on 
all parts of the plant The exact mechanism of the injury is 
obscure m most cases, and theie is need for much more study of 
this group of diseases In some cases, there is convincing evi¬ 
dence that a toxic substance is injected into the tissues of the 
plant In others, the physiological processes may be disturbed 
by local mechanical injury to vital tissues As examples of 
nonparasitic diseases caused by the feeding of insects may be 



100 INSECT TRANSMISSION OF PLANT DISEASES 

mentioned hoppeibum of potatoes, mealy-bug wilt of pine¬ 
apples, the gieen-spottmg diseases of pineapples, and psyllid 
yellows of potatoes These and othei similar diseases aie dis¬ 
eased m more detail m Chap V 

Dissemination of the Pathogen —Most plant pathogens, under 
favorable conditions, produce relatively large quantities of inocu¬ 
lum But before reinfection can take place, the inoculum must 
be dispersed to new plants or new infection courts The spread 
of plant diseases and the development of epiphytotics depend 
to a great extent upon the efficiency with which the pathogen is 
disseminated Inoculum may be disseminated m many different 
ways, wind, water, insects, man, and other animals being some 
of the most important agents The relative importance of the 
different agents of drssemmation vanes greatly with different 
diseases It is obvious that an accurate evaluation of the 
lelatne importance of the different methods is essential to an 
intelligent contiol program 

Wind is peihaps the most effective agent of dissemination of 
many kinds of inoculum, but the inoculum of many plant patho¬ 
gens is not well adapted for wind dispersal Spoies of patho¬ 
genic fungi and cells of bactena are often produced m sticky 
exudates that become hard on drying, precluding almost entirely 
the possibility of effective wind dispersal In such cases, insects 
are known to play an important role 

The dissemination of pathogens is the most obvious way m 
which insects are concerned m the development of plant diseases 
For this leason, although other functions have been recognized, 
the idea of dissemination has almost exclusively predominated 
all published literature of a general nature on the subject The 
dissemination of the pathogen, however, is only one of several 
critical stages m the development of a disease 

Inoculation —To “disseminate” is to scatter, broadcast, or 
diffuse To “inoculate,” as the term is used m plant pathology, 
is to transport inoculum to a particular part of the plant where 
infection may result Wind is a common agent of dissemination, 
but wind inoculation occurs only w r hen, by chance, the inoculum 
falls on the right place Most of the inoculum disseminated by 
wind never reaches the propel infection court and is consequently 
wrasted Many insects, because of their habits of visiting certain 
species of plants and specific organs of those plants, are not only 
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agents of dissemination but are also \eiy effective agents of 
inoculation They tianspoit the inoculum to the most favoiable 
place foi infection with little loss of material The honeybee 
and blossom blight of fruits, the sphm\ moth and anther smut 
of pinks, the pollen-eating flies and ergot of cereals, and stigma- 
tomycosis of various plants aie well-known examples of this type 
of insect inoculation More lecently descubed associations of 
this nature are those involved m the so-called “fruit spoilage’ 7 
of figs (Smith and Hansen 1931) Endosepsis (Caldis 1927), 
souring (Caldis 1930), and smut (Hansen and Davey 1932) all 
depend upon ceitam fig insects foi introduction of the respective 
pathogens into the mtenor of the young fig fruit where infec¬ 
tion occurs These associations aie tieated moie fully m 
Chap VII 

The systemic disease of led clover caused by Botiytis anthophila 
Bond , descubed by Bondaizew (1914) and Silow (1933), is 
especially illustrative The spoies of this pathogen aie trans¬ 
ported by the bees that pollinate red clover The spores, along 
with pollen grains, are deposited by the bees on the stigmas of 
the clovei floweis, where they germinate The mycelium of the 
pathogen, along with the pollen tube, glows and penetrates 
the ovaiy The fungus continues to giow slowly and persists 
under the seed coat but does not destioy the seed Infected 
seeds, when planted, give rise to systematically infected plants 
The fungus grows out into the young flow T ers, many of wdnch are 
blighted, and the spores are formed over the surface of the 
antheis (see Fig 125) Bees visiting the blighted blossoms 
become contaminated wuth spores and spread the infection to 
other plants, completing a cycle closely paiallelmg the piocess 
of insect pollination of flowers 

Ingression —All our highei plants have an effective natuial 
protection against pathogens m the form of cuticle oi cork The 
entrance or penetration thiough this external covering by the 
pathogen is necessary foi infection This process of gaming 
entrance has been teimed “ingress 77 by Whetzel (1929) Some 
pathogens are able to penetrate this protective layei by then 
owm resouices, but many depend upon wounds The feeding oi 
opposition wounds of insects constitute one of the most impoi- 
tant avenues of ingression for plant pathogens The significance 
of insects as agents of dissemination and inoculation is greatly 
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enhanced when they serve also as agents of mgression In some 
cases, this aid to mgiession oveishadows the importance of dis¬ 
semination and inoculation The role of the woolly aphid m the 
development of peienmal cankei of apple trees as descnbed by 
Childs (1929) and McLaity (1933) is an excellent example of this 
type of relationship These investigators have shown that 
Gleosponum perennans Zeller is strictly a wound parasite and that 
reinfection of a canker must take place each yeai Although 
plenty of inoculum is present m the canker, reinfection does not 
occur m the absence of the aphid This insect lives m the 
devices of the canker and makes the wounds that are necessaiy 
for infection on each succeeding year’s growth of callus Thus 
the so-called “perennial” canker is actually annual, and the 
apparently perennial character depends entirely on reinfection 
each year through wounds made by the aphids which, although 
essential for the development of the disease, are of relatively 
little importance m dissemination of the spores 
Another example is afforded by the relation of soil insects to 
crown-gall infection Banfield (1931) and Ricker and Hilde¬ 
brand (1934) have shown that white grubs and several othei 
soil insects are common and effective agents m the opening of 
infection courts for crown gall, although they are probably of 
little significance m actual dissemination of the pathogen 
Invasion—Insects may perfoim the functions of dissemina¬ 
tion, inoculation, and mgression m various combinations They 
also may aid the plant pathogen m the invasion of the plant 
tissues Leach, Orr, and Christensen (1937) have repoited a 
case m which the insect aids the pathogen m the piocess of inva¬ 
sion of the tissues but has no part m the processes of dissemina¬ 
tion, inoculation, or mgression Two wood-boimg beetles 
P fonochamus scutellatus (Say) and M notatus (Diuiy)] commonly 
infest fallen logs of comfeious trees By boung m a ladial and 
tangential dnection into the heartwood of pine logs, they gieatly 
hasten the rate of invasion and decay of the heartwood by the 
wood-rotting fungus, Pemophora gigantea (see Figs 131 and 132) 
The fungus spreads rapidly m the sapwood but can invade the 
heartwood m a radial and tangential direction only very slowly 
With the aid of the insects the fungus accomplishes ladial and 
tangential invasion, after which longitudinal invasion pi ogresses 
rapidly The fungus is disseminated and gams entrance mde- 
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pendently of the wood-boring insects but invades and decays 
the heartwood very slowly m the absence of the insects 

Preservation of the Pathogen —In nearly all paits of the world, 
with the exception of some of the more humid tropical regions, 
there is some peiiod of the year when it is difficult foi plant 
pathogens to survive The difficulty of survival is usually 
caused indirectly by an absence of the necessary susceptible 
plants on which they can persist In the moie noi them latitudes, 
the critical period is m the winter when the susceptible plants are 
killed or made doimant by low tempeiatures In the wanner 
and more and regions, the heat and drought may be the hunting 
factors Successful pathogens are those which, by means of 
some special adaptations, are able to suivive these unfavoiable 
penods and cause infection when conditions aie again favorable 

Meie suivival of the pathogen, however, is not sufficient 
The pathogen must survive under conditions that provide a 
suitable means of lemfection Some pathogens, capable of sapro¬ 
phytic growth, remain doimant m the soil or plant refuse through 
the unfavorable period and, wdien plant growth is renewed, pro¬ 
duce inoculum that is disseminated by wind 01 othei agencies 
Some pathogens are adapted for survival m the loots or stems of 
perennial plants Others survive m seed or other plant paits 
used for propagation When a pathogen is largely or entirely 
dependent upon insect transmission, it is often adapted to 
survival within or on the body of the hibernating insect As 
examples of some of the insects that are known to aid m the 
preservation of plant pathogens may be mentioned the corn flea 
beetles that harbor the bacteria causing bacterial wilt of com, 
the pine bark beetles harboring the blue-stain fungi, the seed-coin 
maggot m the pupana of v T hich the soft rot bacteria may suivive, 
and the cucumber beetles which preserve Enmma tiacheiphila 
over wunter 

THE POSSIBLE ROLE OF INSECTS IN THE ORIGIN OF 

NEW DISEASES AND THE EXTENSION OF OLD ONES 

One other aspect of the association of insects and plant diseases 
generally has been overlooked This is the possible and piobable 
role of insects m the sudden appearance of new and destructive 
plant diseases We are accustomed to thinking of plant diseases 
largely m terms of the pathogen, an organism of ancient lineage 
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that has had m common w ith othei plants a long and slow process 
of evolution during which its efficiency as a pathogen also has 
evolved But a disease is not an oigamsm It is a biological 
piocess and is the result of the intei action of two or moie oigan- 
isms, influenced by a large numbei of environmental factors 
The oiganisms involved m the pioduction of the disease may have 
evolved slowly, but the disease itself may have come into exist¬ 
ence m a different mannei Foi the puipose of illustration, let 
us consider the Dutch elm disease, fiist lecognized m south 
Holland m 1919 (Spieienbuig 1922) Theie seems to be considei- 
able evidence that it has spiead fiom this center to most of 
the countries of Southern and Western Europe and also into the 
United States (May 1931, 1934) Its oiigm is obscure, but the 
general assumption seems to be that it may have been inti oduced 
into Western Eui ope from some othei pait of the world The 
author has no ongmal evidence with which to challenge this 
assumption but wishes to suggest a means by which the disease, 
m the sense of a biological process, may have ongmated m West¬ 
ern Europe within relatively recent yeais The bark beetles, 
which constitute the pnncipal agent of dissemination of Ceratosto - 
mella ulmi , were known m Europe and Amenca for many years 
prior to the appearance of the Dutch elm disease (Collins 1935) 
At the present time, theie aie laige areas m which the beetles 
occur but wheie the disease is absent (Felt 1934), but these areas 
appear to be lapidly diminishing as the result of the spread of 
the disease by contaminated beetles This fact, although by no 
means constituting conclusive pi oof, would seem to indicate that 
the association is piobably not one of long standing C ulmi is 
a virulent pathogen on elms, but it glows well as a sapiophyte 
on dead wood or baik, and valiant strains aie known to occui 
(Waltei 1937) The fungus can infect only through wounds, and 
its spoies aie not well adapted to wind dissemination In the 
absence of a suitable insect vectoi, it would probably exist 
chiefly as a saprophyte on dead wood and peihaps be dissemi¬ 
nated from one dead ti ee to another by insects inhabiting dead 
wood As such it would attiact no attention, and the injury 
caused w r ould scarcely justify consideration as a disease But 
when a virulent pathogenic strain of the fungus becomes associ¬ 
ated with the Scolytid bark beetles, which, because of their habit 
of feeding on twngs of vigorous healthy tiees, piove to be ideal 
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vectors, a very destiuctive disease is the lesult Furthermore, 
the elm bark beetles, which by then nature can bleed only m 
weakened or dying elm tiees, find the association to their advan¬ 
tage By transporting the spores of C ulna and introducing 
them into feeding wounds, they cause infection of more trees, 
provide themselves with an abundance of weakened 01 dying 
elms, and theieby rapidly increase m number More vectors, 
more disease, more dead or weakened trees, and more 
vectors T A vicious circle resulting m an epiphytotic disease that 
threatens to destroy one of oui most valuable trees T This order 
of events m the ongm of the Dutch elm disease is purely theoreti¬ 
cal, but it is well within the lealm of possibility and deserves 
consideration It is suggested here primarily to illustrate one 
of the many significant aspects of the association of insects with 
plant diseases 

There is evidence that fungi of some soit aie constantly 
associated with most, if not all, Scolytid baik beetles It would 
be interesting to know w r hat fungi, if any, aie legulaily associated 
with the elm bark beetles in the regions wheie the Dutch elm 
disease does not occui The author has seen no recoid of this 
having been determined 

Many insects as well as plant pathogens aie, or until recently 
have been, relatively local m their distribution With increased 
commerce and tiavel throughout the world, they are becoming 
more widespread m spite of all efforts to control them With 
promiscuous intermingling of insects and pathogens, it would 
be surpnsmg if new combinations and associations were not 
formed m which an insect and a pathogen (neithei of which alone 
may be conspicuous 01 of economic importance) woikmg together 
may give use to a destiuctive disease This idea first presented 
by Leach (1935), has been expressed independently by Caitei 
(1936) 

The invasion of new areas by insects also may influence pro¬ 
foundly the distribution of certain well-known destructive dis¬ 
eases Curly top of sugar beet, for example, occurs m North 
America only m the and regions of the western United States 
According to Carter (1930), it is limited to these regions because 
the insect vector (.Eutethx tenellus) cannot thrive m the moie 
humid regions It has been shown by Fawcett (1927) that a dis¬ 
ease he identified as curly top m Argentina is spread by another 
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leaf hopper (Agalha stictocolks) This insect is said to thrive m 
regions of relatively high humidity If it should be mtioduced 
into the United States and prove to be a vector of curly top, 
there is a strong probability that the range of the disease would 
be greatly extended 

THE CLASSIFICATION OF THE PHENOMENA OF INSECT 
TRANSMISSION OF DISEASES 

At various times, seveial authors have drawn up systems of 
classification of the different kinds of insect transmission of 
diseases Some of these have been more complete than others, 
yet none has been entirely satisfactory Obviously, all have 
been based on incomplete knowledge of the various phenomena, 
and none has claimed any degree of finality The chief aims of 
such classifications are to clanfy one’s thoughts and to provide 
a better perspective of the problem With these purposes m 
mind and as a matter of historical interest, some of the more 
important classifications aie given below 

Rand and Pierce (1920) were the first to present a scheme of 
classification applicable to plant diseases Their classification 
is as follows 

1 External transmission of parasitic microorganisms 

a External dissemination and direct inoculation by the insect 
vectors 

b External dissemination and accidental infection without direct 
inoculation 

2 Infection through insect wounds without dissemination by the w ound- 
mg agent 

3 Internal transmission of parasitic microorganism 

a Mechamcal internal transmission 
b Biological internal transmission 

Karl Bomng (1929) criticized the classification of Rand and 
Pierce on the basis that the primary criterion of internal and 
external tiansmission was an artificial one and involved too much 
overlapping He proposed the following simplified scheme of 
classification 

1 Dissemination without w oundmg 

2 Dissemination with wounding 

a Insect obligatory 
b Insect not obligatory 
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A classification of the roles played by insects m the spread and 
development of plant diseases w as devised by the author and has 
been used fox seveial years m teaching a class m “Insects m rela¬ 
tion to plant diseases ” This classification is as follows 

I Wounding of the plant by an insect without dissemination of a 
pathogen 

A Insect toxicogenic (psyllid yellow s, mealy-bug wlit of pineapple, 
etc ) 

B Insect not toxicogenic (white grubs and crow n gall) 

II Dissemination of a pathogen by an msect without wounding the 
plant 

A Mechamcal dissemination only (sphinx moths and anther smut, 
flies and ergot) 

B Biological dissemination (rare) 

1 Insect not obligatory (flies and fire blight) 

2 Insect obligatory (theoretically possible but no examples 
known) 

III Dissemination of a pathogen by an insect with w oundmg of the plant 

A Mechamcal dissemination only (baik beetles and blue stain, 
elm bark beetles and Dutch elm disease) 

B Biological dissemination 

1 Insect not obligatory (dipterous insects and bacterial soft 
rot, Dacus oleae and olive knot) 

2 Insect obligatory (cucumber beetles and bacterial wilt 
of cucurbits, apple maggot and bacterial rot of apples) 

Similar classifications have been made by several workers 
interested pnmai lly m animal diseases The phenomena found 
in insect tiansmission of animal diseases offer different cri¬ 
teria, and as a result the systems of classification are some¬ 
what different A few of these are given below T for the purpose 
of comparison 

Riley and Johannsen (1932) group the w r ays m which arthro¬ 
pods may affect the health of man and other animals m the 
following manner 

1 Directly poisonous 

2 Parasitic, living more or less permanently on the body of their host and 
deriving nourishment from it 

3 Transmitters and disseminators of disease, functioning as 

a Simple carriers 
b Direct moculators 

c Essential hosts of pathogenic organisms 

Folsom and Wardle (1934) recognize the following types of 
association between insects and diseases of man and animal. 
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1 Toxic inoculation 

a Venomous biters 
b Venomous stmgeis 
c Irritant caterpillars 

2 Entomiasis (disease caused by actual presence of an insect m the host 
bod}) 

3 Mechanical transmission 

4 Cyclical transmission (insect an essential alternate host for a pait of 
the life c} ele of the microorganisms) 

Huff m 1931 published “A proposed classification of disease 
tiansmission by arthropods ” The essence of this classification 
is given below 

1 Biological 

a C} clopropagative (organisms undergo cyclical change and multi- 
pl} w ithin the vector) 

b Cyclodevelopmental (organisms undeigo cyclical change but do 
not multiply \\ ithin the vector) 

c Propagative (the organisms undergo no cvolicil change but 
multiply v ithin the vector) 

2 Mechanical (organism undergoes neither cyclical change nor multi¬ 
plication v ithin the \ector) 

Ceitam factors must be kept m mind m companng these differ - 
ent schemes of classification The teim “biological” has been 
used with many different connotations Stuctly speaking, any 
kind of insect tiansmission is biological, for living agents aie 
involved The term is generally used m a xestncted sense m 
contrast with the teim “mechanical,” but heie too its use has 
not been consistent Biological transmission, as used m plant 
pathology, generally implies that the pathogen lives and multi¬ 
plies m the body of the vector When used m refeience to vnus 
diseases it has a slightly different connotation In plant pathol¬ 
ogy, biological transmission is not synonymous with cyclical 
transmission Cyclical transmission occurs only when the vectoi 
serves as an essential alternate host for the sexual stage of the 
life cycle of the pathogen No such relationship is known m 
plant pathology, with the possible exception of Phytomonas 
davidi which parasitizes species of Euphorbia and is trans¬ 
mitted by Stenocephalus agihs Scop According to Franca 
(1920), this protozoan undergoes a simple form of cyclic change 
m the body of its insect vector Large forms are found commonly 
m the intestine, but smaller individuals appear, presumably after 
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a sexual piocess, and these invade the salivary glands and are 
introduced into the plant m the feeding piocess 

THE BIOLOGIC AND EVOLUTIONARY SIGNIFICANCE OF THE 
ASSOCIATION OF INSECTS AND PLANT PATHOGENS 

Reseaieh woikeis m phytopathology have, as a mle, consideied 
insects mei ely as one of several agents that disseminate inoculum, 
to be disposed of m the oidmaiy routine study of a disease It 
is the opinion of the author that the 1 elation of insects to plant 
diseases is too impoitant and too complex to be handled m such a 
summary manner The association of insects with plant patho¬ 
gens is, foi the most pait, not a mere mattei of chance but lathei 
a highly oigamzed xelationship which, m many cases, may have 
ansen out of a close association of insects and microorganisms 
ovei a penod of 50 million yeais or moie It is a definite biologic 
phenomenon of evolutionary significance and has bioad biologic 
and economic implications As such it deseives moie than 
loutme attention It ments the same type of sustained and 
cooidmated thought and effoit that has been given to othei 
phytopathological pioblems of fundamental natuie 

As a biologic phenomenon the association of insects and plant 
pathogens is m many respects similai to that of entomophily, i e , 
insect pollination All students of botany 01 entomology aie 
familial with the lemarkable evolutional y adaptations of insects 
and flowers It will not be necessary here to describe the vanous 
details of these adaptations Along with the morphological 
adaptations on the part of both insects and fkmeis, theie has 
been built up a constant and regulai association of insects and 
plants that is mutually beneficial to both parties of the associa¬ 
tion Let us considei how this association came about It is 
agieed by most, if not all, students of plants that oui most primi¬ 
tive floweimg land plants were wind-pollinated Pollination was 
a mattei of chance, and only a very few pollen gxains leached the 
pioper stigmatic surface This necessitated the pioduction of 
enoimous quantities of pollen and obviously lesulted m a tre¬ 
mendous waste of matenals But m one fortunate penod long 
ago, insects discovered the food value of pollen and peihaps the 
associated secretion of nectar and began to make regulai visits 
to those plants producing it In this way, the pollen was trans¬ 
ported with veiy little loss to the stigmatic suiface of the propel 
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plant This association had a suivival value foi both insects 
and fiowenng plants and consequently has peisisted thioughout 
the ages, developing to a state of veiy high efficiency A little 
i ejection will show that the pnnciple undeilying this association 
is essentially the same as that undei lying insect dissemination 
of plant pathogens Some pathogens aie disseminated only by 
wand, m which case laige quantities of inoculum aie pioduced 
but a lelatively small pait of it leaches an infection couit and 



Fig 42—A sexual fruiting body of Copnnus lagopus Basidiospores of two 
sexes are produced on the gills of the mushioom The mycelium arising from 
a single basidiospore cannot produce another mushroom until it has been fertil¬ 
ized by fusion with a mycelium of the opposite sex {Photograph by Dr W F 
Hanna ) 

survives Othei pathogens have become associated with insects 
which tianspoit them oi then spoies to the lequned infection 
couit This is accomplished with a minimum of waste and a 
maximum of efficiency, especially when the insects piovide also 
a means of ingress and of piotection of the pathogen against the 
elements This type of association, like insect pollination, has a 
suivival value and numerous cases have peisisted with lemark- 
ably complex adaptations on the pait of both insect and patho¬ 
gen Suivival value does not piedicate benefits by both insect 
and pathogen, but theie aie numerous cases of striking mutual 
benefit and interdependence As examples may be mentioned 
the association between the blue stain of fungi and bark beetles 
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01 that between the bactena causing soft lot and the seed-coin 
maggot 

It would not be logical, however, to diop the comparison heie, 
for theie aie othei impoitant factois that have influenced the 
complicated adaptations associated with entomophily With 
the development of insect pollination, the nature of the piocess 
led to an mciease m cross-pollmation m comparison with self- 
pollination Ci oss-pollmation mci eased the frequency of hybi ld- 
lzation, and this m turn stimulated variation, a primaly factor in 
evolution Thus, insect pollination, by stimulating hybridiza¬ 
tion and vanation, has speeded up the development of entomoph- 



Fig 43 —Comdiophores of Coprmus lagopus Note that the spores are borne 
in drops of a sticky solution JL, sporophore m a moist atmosphere B, the same 
aftei exposure to di y ail {After Brodie ) 


ily itself This factoi, so important m evolution, is apparently 
lacking m many of the associations of insects and plant pathogens 
and may account foi the fact that the latter association is less 
obvious than entomophily 

But recent investigations have shown us that the factoi of 
hybridization cannot be removed entnely from the pictuie 
With the discovery of heteiothalhsm m fungi by Blakeslee (1904) 
and its fuithei elucidation by Ivniep (1928), Bullei (1931), Stak- 
man et al (1930), and others, the significance of hybridization m 
the evolution of fungi is more clearly discernible 

Brodie (1931) has shown that flies aie agents of “diploidiza- 
tion” m the fungus Copimus lagopus , a piocess fundamentally 
analogous to insect pollination of higher plants Copimus 
lagopus , a mushroom commonly found on hoise dung (Fig 42), 
is a heterothallic fungus Each basidiospoie formed on the 
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“mky-eap” mushioom, upon geimmation, foims a homosexual 
mycelium that is unable to lepioduce the mushioom stage until 
it has been feitilized 01 diploidized by fusion with a mycelium 
of the opposite or complementaiy sex Each of these homosexual 
myceha pioduces comdia m diops of a sticky solution that pie- 
vents them fiom being blown aiound by an cunents but that is 
attractive to flies (Fig 43) Flies, by feeding on these droplets, 
transport the comdia from one mycelium to anothei (Fig 44) 
The comdia promptly germinate and fuse with myceha of opposite 
sex, diploidization results, followed by the formation of the 
mushroom stage The spores may pass uninjured through the 



Fig 44 —A diagram illustrating role of flies m the diploidization of the myce¬ 
lium of Copmnus lag opus Portions of two colonies of the fungus grooving on 
agar are shown Each colony originated from a single basidiospore, one of one 
sex (-!-) and one of the opposite sex (—) Both mycelia are producing comdia 
in the usual drops of liquid The fly m feeding has moved from one colony to 
the other taking with it spores that will germinate and fuse with the mycelium of 
the opposite sex, resulting m diploidization (fertilization) (After Brodie ) 

digestive system of the flies, and diops of exciement usually 
contain spores of both sexes Dowdmg (1931) has pointed out a 
compaiable association between Ascobolus steicoiaiius (Bull) 
Schrot and mites and flies 

A similai condition m the rust fungi has been icvealed by the 
work of Ciaigie (1931) on Puccmia hehanthi Schw and P gi a?mms 
Pers The rusts are heteiothalhc fungi Reduction division 
occurs m the germinating teliospore (Fig 45), and on geimmation 
and infection the spondia give rise to haploid mycelia Pycnia 
(Figs 46 and 47) are pioduced on the haploid mycelium, but 
aeciospoies, being dicaryotic, are foimed only aftei diploidiza- 
tion The process of diploidization has been descubed by Craigie 
(1931), Buller (1938), and others It involves the transfer of 
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pycniospoies fiom one pyemum to anothei of the opposite sex 
Heie the pycniospoies geimmate and fuse with a leceptive 
mycelium thiough the “flexuous hyphae” fiist descubed by 



Fig 45—A germinating teliospoie of Puccima grammus The complete 
prom^celium ( a) of only one cell is shown Reduction division takes place m 
the piomycelium, and each spondium ( b) is in the haploid cordition 

Ciaigie (1933) (Figs 48 and 49) The transfei of the pycnio¬ 
spoies is often accomplished thiough the agency of insects The 
pycniospoies aie exuded fiom the pyemum m diops of a fiagiant, 
sugaiy solution that makes them pooily adapted for dissemma- 



Fig 46—A section through a barberry leaf infected with Puccima grammus 
showing the pycma (sp) and aecia (a) The aecia do not develop until the 
mycelium has been diploidized by the fusion of a p^cmospore with a flevuous 
hypha as shown m Fig 4S ( Modified, after Sachs ) 


tion by wind but w ell adapted to insect tiansfei (Fig 50) Many 
species of lusts have developed special chaiacteis that attiact 
insects and ensuie the necessaiy interchange of spondia Among 
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Fig 47 —A diagi ammatic sketch of a section through a pycnium of Puccima 
graminus a, p> cmospores oozing from the mouth of the pycnium surrounded by 
the spmelike setae and two of the fiexuous hyphae, b, an enlarged view of a 
section of the pycnium wall shoving how the pycmospores are borne e, epidermis 
of the barberry leaf The p^cmospores aie functional gametes, and diploidiza- 
tion is effected w hen a p\ cmospore is transported to a pycnium of the opposite sex 
where it germinates and fuses with a fiexuous hypha as shown m Fig 48 The 
sugary exudate is not shown m this sketch (Modified after De Bary ) 



Fiu 4S —The fusion of a germinated p> cmospore with a fiexuous hvpha of 
a pjemum of Puccima hehanthi The nucleus of the p> cmospore has passed 
into the fiexuous hypha Bj repeated dmsion and subsequent migration of the 
daughter nucleus into the adjacent cell, the mycelium of the pustule is rapidly 
diploidized Aecium formation soon follows Approx 1,500 X (After 
Craigie 
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these special adaptations may be mentioned the sugaiy solution 
m which the pycmospoies and flexuous hyphae are pioduced, the 
bright oiange coloi of the pycma, and the distinct fragrance 
of the sugary exudate 

Flies, attiacted by the drops of fiagiant, sugary solution 
formed on the blight oiange-coloied pycma, effectively tiansport 
the pycmospoies from one pycmum to the othei Thus, insect 
tiansportation of pycmospoies results m diploidization and 



Fig 49—A diagrammatic representation of pjcma of Puccima graminu& 
showing the flexuous bjphae with ■which pjcmospores of the opposite sex fuse 
The cui^ed line (a) represents the surface of the drop of sugary exudate, b 
pycniospores, c, setae d flexuous hyphae (After Buller ) 


mci eases the chances of hybuclization and vanation The 
lelationship is quite compaiable to insect pollination of floweimg 
plants The laige numbei of physiologic foims that occur m 
this pathogen can be explained to some extent by the hybndiza- 
tion that occurs on the baibeny (Stakman et al 1930) It is 
probably not a mere coincidence that such a specialized adapta¬ 
tion for insect “pollination” of a fungus, with lesultmg hybridiza¬ 
tion, should be found m one of the most highly developed plant 
pathogens and one m which physiological specialization has 
reached such a high state of development 
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The association of insects with the pycma of mst fungi was 
obseived and discussed at length by Plownght as eaily as 1889, 
over foity yeais befoie the function of the pycma was discoveied 
Plowright obseived 135 species of insects, including 31 Coleopteia, 
32 Hymenopteia, 64 Dipteia, and 8 Hemiptera feeding on the 
nectai He lecognized specific adaptations of the lusts foi 
insect attiaction, listing the following six (1) the constant pio- 



FiOr 50 A leaf of "the common barberry infected ■with Puccitizg QT0,7nmus r 
showing four groups of pycma with the droplets of sugary solution m which 
the pycmospores are borne In natural color, the light aieas are bulliant 01 ange 
Kotice the reflection of the light by each droplet The sugary exudate has a 
faint but distinct fragrance The entire fructification appears to be designed 
for the attraction of insects 


duction of a sugary exudate m which the pycniospoies aie borne, 
(2) a definite fragrance that is associated with the pycma of many 
species of rusts, (3) the blight orange color of the pycma, (4) the 
abnormally erect position of affected leaves of some plant species, 
(5) the lighter color of pycma-beanng leaves as compared with 
normal leaves of some plants, and (6) the dark spots contrasting 
with a lighter background characteristic of the pycma of some 
rust species This remarkable adaptation foi the attraction of 
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insects is strikingly similar to the adaptations of flow ei mg plants 
foi the same purpose It is very piobable that diploidization m 
the rusts, through the agency of insect “pollination/’ has had a 
dnectmg influence m the evolution of this intei esting and eco¬ 
nomically important group of fungi 

The extent to which insects aie involved in the mechanics of 
diploidization m other fungi is a problem for future study, because 
it has not yet received much attention It is of interest to note 
that Drayton (1934), who has descubed the sexual mechanism of 
Sclewtima gladioli (Massey) Diayton, is of the opinion that 
insects may play a pait m the sexual reproduction of that fungus 
He points out that the microcomdia aie borne m a mucilaginous 
matnx, the sticky nature of which would “allow the sporodochia 
to adhere to the bodies of soil-inhabiting animals 01 insects, and 
so be earned through the soil, possibly to receptive bodies of a 
compatible thallus ” 
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CHAPTER V 


PLANT DISEASES CAUSED BY TOXICOGENIC INSECTS 

It has become well lecogmzed m recent years that a number ol 
very destructive drseases of plants are caused by toxic substances 
rntroduced into ihe trssues of the plants by sucking insects 
These diseases often bring about greater destruction than do the 
moie direct injuries caused by chewing insects Because of the 
indirect nature of the mjuiy, the causal relationship of the 
insect frequently has been overlooked, and the true nature of 
the disease has escaped discoveiy Relatively little work 
has been done on diseases of this type, and the nature of the 
toxic substances and the methods of their action aie poorly 
understood It is sometimes difficult to distinguish between 
pathological conditions lesulting from puiely mechanical ini unes 
that may disturb the physiology of the plant and those resulting 
fiom definite toxic substances Foi example, the well-known 
hopperbum of potato and other plants is thought by some to be 
caused by a diffusible toxic substance introduced by the hoppei, 
while others maintain that the mechanical injury caused by 
feeding is sufficient to account for the ill effects These differ¬ 
ences of opimon will continue until we know moie about the 
physiology of the diseased plants and of the insects involved m 
pioducmg the diseases 

Cartel (1936a) has rntroduced two new terms to describe 
insects that may cause diseases by the injection of toxic sub¬ 
stances He observes that, although the diseases caused by the 
insects may diffei widely, they all have certain characteristics 
m common All are charactenzed by specific toxic effects, 
and the capacity to produce these is inherent m the insects 
concerned Species of insects producing the toxic substances 
were termed “ toxicogenic ” Since, as was shown by Caitei 
(19366), certain individuals of a species may, under some condi¬ 
tions, lose the ability to seciete the toxic substance, it was 
desirable to have a term to express the active toxic stage of a 
toxicogenic insect For this he proposed the tei m “ toxmiferous ’ ’ 

122 
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A species capable of secreting a phytotoxic substance is called a 
“toxicogemc” species A toxicogemc insect is “toximferous” 
only m those stages of development when it can secrete the 
toxic materials In a later papei, the same authoi (1939) 
presented a general leview of plant mjunes caused by insect 
toxins m which he lefers to this group of diseases as “toxemias,” 
“phytotoxemias,” 01 “ toxicoses ” Whatever term may be used 
to designate these plant injuries, they constitute a gioup of 
economically important diseases that are very impelfectly 
known 

Diseases caused by toxicogemc insects may resemble virus 
diseases and are sometimes confused with them The systemic 
phytotoxic effects found m such diseases as psyllid yellows of 
potatoes and mealy-bug wilt of pineapples resemble virus 
diseases m many respects It is difficult without extensive 
experiments to deteimme to which category a disease belongs, 
and as a result the diseases are often confused m the mind of the 
student Cartel (1936c) recognized this situation and has 
pointed out some of the moie significant diffeiences between the 
two classes of disease The essential diffeiences aie based 
laigely on the inability of the toxic secietion of the toxicogemc 
insect to reproduce itself m the plant tissues The following 
table of comparison is based on that constiucted by Caitei 
but has been slightly modified and is given m a moie geneiahzed 
form 


Diseases Caused by Toxicogemc 
Insects 

1 Caused by a phxtotoxic secretion 
of an insect 

2 Toxic secretion is nonreproductive 
m plant 

3 Recovery common 

4 Degree of injury related to the 
length of time, and number of 
insects feedmg 

5 Capacity to produce inherent m 
insect 

6 Disease not perpetuated by x ege- 
tative propagation or transmitted 
bv grafting 

7 Control of disease in proportion to 
insect control 


Virus Diseases 

1 Caused b\ a x irus 

2 Virus is reproductive m plant 

3 Recox erx rare 

4 Injury not directly related to 
length of time and number ot 
insects feedmg 

5 Capacitx of insect to produce 
acquired onlx bv feedmg 

6 Disease can be perpetuated bx" 
x^egetatwe propagation and trans¬ 
mitted by/ grafting 

7 Control of disease usuailx T not m 
proportion to insect control 
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If the viruses prove to be of the nature of autocatalytic pio- 
teins, as indicated by the woik of Stanley (1935) and otheis on 
tobacco mosaic, the similarities between these two gioups of 
diseases will be greatei still The demonsti ation by Fukushi 
(1933, 1935) that the vnus of nco dwaif is congenitally tians- 
mitted thiough the eggs of the vectoi has nullified to some extent 
item 5 The matter of reproduction on the pait of the disease- 
inciting substance appeals to be the most significant ol the 
recognized differences Even this distinction may have its 
exceptions Severm and Haasis (1934) have demonstrated the 
transmission of the California strain of aster yellows to potato 
by the leaf hopper [Macrosteles divisus (Uhl)], but they weie 
unable to recover the vnus from infected potato plants Leaf 
hoppeis did not become viruliferous aftei piolonged feeding 
upon infected potato plants oi aftei feeding upon the cut suiface 
of tubers fiom plants that had shown symptoms of yellows 
If these negative results are confiimed, showing that a virus 
will cause distinct symptoms on a plant but that the vnus 
cannot be lecoveied fiom the infected plant oi its piogeny, 
it will be still more difficult to place bordeilme cases m one 
categoiy oi the other Fuithermoie, it will be necessary to 
i emvestigate some of the diseases that resemble virus diseases 
but that aie now T interpieted as toxemias Foi the best undei- 
standmg of the natuie of the disease caused by toxicogemc 
insects, it will be advisable to considei m some detail a few of 
the better knowm examples 

Stigmonose —A F Woods (1900) was one of the first to lecog- 
nize a definite plant disease as being caused by the liidnect effects 
of insect feeding Woods investigated a leaf-spotting disease ol 
carnations that previously had been diagnosed as a bactenal 
disease (Aithur and Bolley 1896) and demonstiated that aphids, 
and not bactena, weie the actual cause of the tiouble Woods 
concluded that “the insect injects some nutating substance of an 
acid or enzymic natuie into the wound, that this substance causes 
the mciease of oxidizing enzymes m the cells which it reaches, and 
that these enzymes mteifere wuth the nutrition of the cell by 
destroying the chlorophyll and setting up other changes wdnch 
finally lesult m death 17 Woods applied the term “stigmonose” 
or puncture disease to this abnormality The term has since 
been used to designate diseases on many plants that are chai ac- 
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tenzed by local lesions caused by insect punctuies as, foi example? 
those often found on apples lesultmg fiom the feeding activities 
of the rosy apple aphid 

Since most phytophagous insects punctuie plants m the piocess 
of feeding, the number of species that cause local lesions is 
extiemely laige The type of mjuiy vanes from scaicely obseiv- 
able flecks to piomment and veiy chaiactenstic necrotic lesions 
It would seem unnecessaiy to discuss many of them heie A 
more inclusive account of this gioup of insect mjunes has been 
presented by Caitei (1939) 

Hopperbum of Potato and Other Plants —Hopperburn is of 
particulai interest because its history lllustiates the extent to 
which the leal cause of a disease of this kind may be oveilooked 
and mismteipieted It lllustiates also the difficulty m distin¬ 
guishing between the effects of simple mechanical injury and 
those of a toxic substance The belated discovery of the tiue 
cause of the disease seived m no small measuie to call to the 
attention of both pathologists and entomologists the possible 
significance of toxicogeme insects m the pi eduction of plant 
diseases 

In 1895, L R Jones, woikmg m Yeimont, desenbed a disease 
of potato chaiactenzed by neciosis of the tips and maigms of the 
leaves and called it “tipbuin” He distinguished A hom the 
fungus diseases, eaily blight and late blight, and concluded that 
it was due to excessive tianspnation undei the influence of high 
tempeiatuie, low humidity, and bnght sunlight In the follow¬ 
ing yeai, Osborn (1896), woikmg m Iow^a, called attention to the 
leaf hoppei (Empoasca fabae Hams) as a potato pest and buefly 
desenbed the mjuiy caused by it The extent of this mjuiy was 
not fully lecogmzed by entomologists, and plant pathologists 
usually confused the mjuiy with the physiological tipbuin 
described by Jones E D Ball (1918), woikmg m Wisconsin, 
was the first to distinguish eleaily between the two types of 
mjuiy He demonstiated the natuie and extent of the leaf- 
hoppei mjuiy and applied the term “hoppeibum” to it Ball 
(1919a, 19196) clearly diffei entiated the symptoms of hoppei bum 
from those of tipbuin pointing out that m the lattei the meso- 
phyll tissues between the veins were the first to die as a lesult of 
excessive transpiration, while m hoppei bum the veins were 
affected first, and the mjuiy later spread to the mesophyll that 



Fig 51 —Potato leases affected with physiological tipbuin Note that the 
necrotic 01 burned areas are not greatly influenced by the location of the \ eins 
(After Lutmaii) 



Fig 52 —Potato lea'ves affected with hopper burn Diagi ammatic sketch to 
illustrate how the bui ning has its ongin at a point on the \ em wheie the hoppers 
ha-\ e fed The neciotic areas tend to foim a triangle with its ape\ at the feeding 
point on the -vein and its base at the leaf margin 

to some specific toxic substance tiansmitted by the insect 
Latei Ball and Fenton (1920) suggested the substitution of “hop- 
peiburn” foi “potato tipbuin” because the name “coveis 
practically all that has formerly been designated as tipbuin on 
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this plant ” Lutman (1919, 1922), howevei, has shown cleaily 
that tipburn is a distinct disease and may be veiy destructive in 
yeais when leaf hoppeis aie absent or m legions wheie they do not 
occui Fuitheimoie, as pointed out m 1922 by Leach, the 
neciosis of leal tissue is only one stage of the injury caused by 
the hoppeis When they feed on the young leaves, theie is a 
pionounced retaidation of development characterized by shoiten- 



Fig 53 —The leaf-curling effect of leaf-hopper feeding on potatoes Lea\ es 
B and D from plants infested with leaf hoppers m a cage Note the curled lea\ es, 
shortened inteinodes, and smaller size tshen compaied with leases irom leaf- 
hoppei-free plants {A and C) The lea\es aie of comparable age and from coin- 
paiable locations on the plants No neciosis oi burning is present on either set of 
lea\ es 


mg of the petioles and crowding of the leaflets Theie is also a 
downward cmhng of the mid-veins accompanied by an upwaid 
folding of the leaf along the mid-vem (Fig 53) The tissues thus 
affected aie noticeably more buttle than noimal ones These 
symptoms never result from excessive transpiiation It is 
evident that theie aie twn> distinctly different diseases with 
different causes, and they should not be confused 

The potato leaf hopper (E fabae Earns) (Fig 54) is generally 
distributed throughout North America and feeds upon a wide 
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variety of plants It overwinters m the adult stage undei leaves, 
weeds, and othei debus The females become active m early 
spring and feed on apple trees, beans, alfalfa, and a numbei of 
weeds The males do not come out of hibernation until latei 
During June, the females migrate to potatoes, beans, alfalfa, and 
other host plants and are joined by oveiwmteied males Egg 




Fig 54—The potato leaf hopper (Empoasca fabae) and potato lea\es affected 
'with hoppei burn (4 fter Metcalf and Flint ) 


laying begins soon, the eggs being inserted into the mid-rib and 
leaf veins, chiefly on the undersuiface The eggs aie only 
mch m length and are difficult to detect m the tissues They 
hatch after about 1 week, and the nymphs complete then develop¬ 
ment, comprising five instars, m 2 to 4 weeks, depending upon 
the temperature The nymphs begin feeding immediately, and 
the characteristic hopperbum soon appears The nymphs are 
wingless and unless disturbed complete their development on the 
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plant on which they aie hatched The winged adults aie more 
active and nngiate to other plants when those on which they are 
feeding matuie The vanous bloods oveilap extensively, and 
theie aie two to foui bloods each yeai 

Following BaTs lepoit on hoppeibum of potato, similai 
mjunes caused by the same insect on alfalfa, clover, apple, and 
othei host plants w r ere described by othei workers who investi¬ 
gated more thoioughly the nature of the injury The work of 
Eyer (1922), Fenton and Hartzell (1923), Jones and Granovsky 
(1927), Gianovsky (1926, 1928, 1930), Monteith and Hollowed 
(1929), and Poos (1929) led to the conclusion that the direct 
cause of the injury was a diffusible toxic substance oi enzyme 
injected into the plant by the leaf hoppei In 1930, Granovsky 
lepoited that mici ochemical tests levealed a gieatei accumula¬ 
tion of staich giams and sugais m affected tissues Theie was 
also a clogging of vasculai bundles and complete disorganization 
of the phloem region of severely injured tissue, phenomena held to 
be due to enzymic secretions by leaf hoppeis m the course of 
feeding Latex investigations by Smith and Poos (1931), Smith 
(1933), and Johnson (1934) have vended the histological changes 
lepoited by Gianovsky, but these authois consider it improbable 
that the leaf hopper injects a toxic substance They suggest that 
the overaccumulation of carbohydrate products of photosynthesis 
above the point of feeding, as a lesult of the mechanical injury 
of the feeding punctures, is sufficient to cause the symptoms 
usually attributed to a diffusible toxic substance 

Empoasca fabae , unlike a numbei of closely related but less 
injurious species, feeds almost exclusively on the vascular tissues, 
the mouth parts usually penetrating the phloem elements The 
line of punctuie becomes suirounded by a sheath of piotemhke 
substance shown by Smith and Poos (1931) to be largely of insect 
origin The disorganization of cells some distance removed from 
the line of penetration would indicate that the secretions of the 
insect were to some extent toxic, at least locally Johnson (1934) 
was unable to duplicate the disruption and plugging of the 
phloem tissues by repeated puncturing of a restricted region of 
leaf petioles wnth a fine glass needle From this fact, it would 
seem highly improbable that the mechanical injury alone w r ould 
so completely disorganize the phloem tissue It w r ould seem that 
a certain amount of a toxic substance must be injected by the 
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insect although tho majoi symptoms and the ultimate death ol 
the tissues beyond the point ol punctuie may be the dncct lesult 
of the accumulation ol photosynthetic matenals bi ought about 
by the clogging of the phloem Toxicity is, at best, a pooily 
defined concept, because the toxic substance may exert its effect 
entirely thiough abnormal physiological reactions 

Theie are other species of leaf hoppei that feed upon the 
vasculai bundles but that do not cause injury as pronounced as 
that caused by E fabae The difference is probably due to an 
unequal degiee of toxicity of the saliva of the vanous species It 
is evident that neither a i/irus noi a widely diffusible toxic sub¬ 
stance is involved m the production of hoppei burn, for the disease 
is not systemic, and the amount of mi my is always m direct 
proportion to the number of leaf hoppeis present 

The recognition of this disease and its relation to leaf-hopper 
infestation has led to impoitant discoveries m the principles of 
insect and plant-disease conti ol While hoppei bum was still 

confused with tipbuin caused by excessive tianspnation, experi¬ 
ments had shown that fairly effects e conti ol was obtained by 
spraying the plants with Boideaux mixture, although it was 
known that Boideaux mixture usually stimulated tianspnation 
This appaient paradox was explained by fuithei expenments, 
made after the lole of the insects had been discovered, which 
showed that the leaf hoppeis v T eie fairly w r ell controlled by the 
Bordeaux mixture As the leaf hoppeis aie sucking insects and 
Boideaux mixture is not a strong contact insecticide, it was diffi¬ 
cult to account for the control It was concluded by Fluke 
(1919), Ixotila (1922), and others that the Boideaux mixture 
acted on the leaf hoppei mainly as a repellent, discouraging 
opposition De Long, Reid, and Dailey (1930a, 19306), how 7 - 
ever, have shown that the leaves absorb enough copper from the 
spray to be toxic to the leaf hoppeis, especially the nymphs, as 
they feed upon the cell contents Although it has been know n f oi 
some time that coppei from sprays was absorbed m small quan¬ 
tities without injury to the cells, the effects of the absorbed coppei 
on sucking insects had never been extensively investigated This 
is essentially a new r principle of insect control, and its possibilities 
m the control of sucking insects have not been fully exploited 
The influence of the degree of pubescence of certain varieties 
and strains of clover and soy beans on hopperburn as demon- 



PLANT DISEASES CAUSED BY TOXICOGENIC INSECTS 131 


strated by Hollow ell, Monteith, and Flint (1927), Gianovsky 
(1928), Pieters (1929), Jewett (1929), Poos and Smith (1931), and 
Johnson and Hollowell (1935) is of much interest These w oikers 
show that the pubescent varieties are more lesistant to leaf- 
hoppei injury than the glabious ones (Figs 55 and 56) Pieteis 



Fig 55 —Stems of two x aneties of red clot er and a mature leaf hopper showing 
the differences in pubescence and the ielati\e size of the tnchomes and the 
insect Left, a stem from a 'verj susceptible Italian red cloter Right, a stem 
of the relate elj resistant Tennessee red clot er The resistance is attributed to 
dislike of the dense pubescence b> the leaf hoppers Insert a mature leaf hopper 
photographed on the same scale to show relatite size of the insect and the 
tnchomes Approx 4X {After Monteith and Hollouell) 


has suggested that the predominance of the pubescent vaneties 
of led clovei m Ameiica can be explained by the unconscious 
selection of these types because of then lesistance to the leal 
hoppei The piefeience of the female hoppeis fox the glabious 
tissue foi opposition is given as the factoi lesponsible foi the 
lesistant, oi escaping chaiactei although some woikeis believe 
otliei factoi s aie involved 
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The lesistance of ceitam vaneties of apple tiees to mjuiy by the 
leaf hoppci also has been explained on this basis by Schoeno and 
Undcihill (1937) who showed that the susceptibility to hoppei- 
bum railed mveisely with the amount of pubescence of the leaves 
of the diffeient apple vaneties Vaneties having foliage with 
scant pubescence (Albeimaile Pippin, Bonum, and Eaily Hai- 
vest) weie subject to senous mjuiy while those vaneties with 
densely pubescent foliage (Stayman Wmesap, Wmcsap, and 
Delicious) w r eie mjuied only slightly 

Hoppeibum, 01 yellow top, of alfalfa was long confused with 
the effects of fungus leaf spots, and little 01 no effort was made to 



Fig 56 —The resistance of pubescent types of soy beans to hopperburn The 
two laige plants are highly pubescent and because of this fact ha\e escaped the 
mjuiy suffered by the remaining glabrous plants (Ifter Johnson and Hollowell ) 


contiol the leaf hoppeis, but following the lecognition of the 
part played by leaf hoppeis (Jones and Gianovsky 1927), the 
mjuiy has been ieduced consideiably by delaying the eaily 
cuttings of alfalfa until just after the height of the egg-laying 
penod By delaying the cutting until most of the eggs aie 
deposited, a high percentage of the eggs will be destioyed, and 
the later cuttings will be relatively fiee from hoppers (Giabei 
and Spiague 1933, 1935, Seailes 1934, and Jewett 1934) 
Toncogemc Capsid Bugs and Effects on Plant Tissues —Ken¬ 
neth M Smith (1920) has studied the natuie of the injury to 
apples caused by a toxicogemc “capsid 55 bug Of five species of 
capsids that normally feed on the frmt and leaves of apple trees 
m England, only one species (Pleisicorts rugteolhs ) is responsible 
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foi appieciable damage This species causes the death of the 
tissues sunoundmg each feeding puncture, and when the insects 
feed on young apple fluffs, the matuie fruits become much dis¬ 
torted and severely msseted Smith showed definitely that the 
m]uiy was caused by the secretion of a toxic substance m the 
saliva of the insect When the salivary glands of the different 
species were dissected out and placed on the cut surface of apple 
tissue, much of the tissue was killed aiound the glands of P 
rugicolhs , while that adjacent to the glands taken from the 
remaining species was not mjuied Smith was unable to repro¬ 
duce the injury by mechanical means Moreover, the fact that 
other species of capsid bugs, feeding m the same way on the same 
kinds of tissue, produced no such mjmy added weight to the 
evidence of the toxicogemc nature of P rugicolhs 

Moie recently, Leach and Smee (1933) and Leach (1935) 
have shown that a stem cankei of tea and mangoes, an angular 
leaf spot, a fruit scab, and a fruit rot of mangoes aie caused by 
the bug Helopeltis bcrgrothi Reut The various lesions pioduced 
by the feeding punctuies of the insect simulate to a maiked 
degree those caused by many pathogenic fungi and bacteria, and, 
according to Leach, the injuries have frequently been diagnosed 
as fungus diseases These authors weie unable to find any 
microorganisms associated with the lesions and demonstrated 
the nonmfectious nature of the trouble They conclude that 
the necrosis of the tissues is due to the injection by the insect 
of some nntant that diffuses through the cells fiom which the 
sap is sucked 

Froghopper Blight of Sugar Cane—The Ceieopid Thomaspis 
saccharma Dist causes a destructive disease of sugar cane known 
as “froghopper blight ” Primary symptoms consist of pale 
chloiotic lesions at the point of puncture on a leaf The lesion 
giadually enlarges, assumes a pink color, and latei becomes 
bi own and necrotic Thei e is a shoi temng of mternodes resulting 
m a stunted plant Adventitious buds and roots aie foimed m 
excessive amounts near the base of the plants An increase m 
acidity of the cell sap is usually a characteristic of the affected 
plants Recovery may take place if growing conditions are 
favorable after the insects leave the plant 

The disease has been studied extensively by Williams (1921) 
and Withy combe (1926) These workers conclude that the 
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disease is caused entnely by the feeding of the Iroghoppei and 
not by fungi, bactena, 01 viruses transmitted by the insect 
Injury results partly from the withdrawal of laige quantities 
of moisture fiom the tissues and paitly fiom the mjunous 
effects of the salivaiy secretions of the insect The latter is 
accomplished m pait by diastatic and oxidizing enzymes The 
rate of lespiration is increased locally, and tianslocation is 
inhibited, lesultmg m a geneial upset m the metabolic equilibrium 
of the plant 

The severity of the injury vanes gieatly with those factors of 
the environment which influence the geneial physiology of the 
plant Since the froghoppers oviposit m the soil, the soil 
reaction and soil type aie considered to influence the pievalence 
of the insects 

Mealy-bug Wilt of Pineapple —This disease has been known 
m Hawaii since 1910, but its cause has been known only since 
1931 It has been reported also m Jamaica and m Central 
America (Caitei 1934) It is extiemely destructive and is 
considered the most important cause of pineapple failuie m 
Hawaii Illingworth (1931) was the fiist to show 7 - that the 
disease w r as m some w ay associated with the attack of the mealy 
bug [Pseudococcus bievipes (Ckl)] Since 1931, it has been 
studied mtensnely by Caitei (1932, 1933, 1935a, 19355, 1936, 
1937) and Caitei and Schmidt (1935), who have added much to 
oui knowledge of the natuie of the disease They have showm 
that the mealy bug (P bievipes) is a toxicogenic insect and that 
the disease is caused by a toxic substance injected into the plant 
by the mealy bugs m the act of feeding 

The symptoms of mealy-bug wait are vanable, being influenced 
by the size of the initial population of mealy bugs, the age and 
vigoi of the plant, and other variable factors Carter (1933a) 
distinguishes tw r o distinct types of wait, quick wilt and slow wilt 
Quick wilt occuis primarily on young plants and usually follows 
the attack of an initial population of 50 or more mealy bugs 
(Fig 57) A shoit period of feeding is sufficient to produce the 
disease, but it requires about two months for the appealance of 
the typical symptoms Complete establishment of the colony 
of mealy bugs is not necessary for the production of quick wilt 
The leaves of affected plants become flaccid, droop, and turn 
pale, the color varying from very light dull green to pale yellow 
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01 pink On oldei plants, some of the leaves take on a con¬ 
spicuous led coloi The tips of the leaves become blown and 
diy The menstematic tissues are not killed, and cuttings 
made fiom affected plants glow normally Appaient recoveiy 
from quick wilt is common, but the fruits formed are small and of 
little commercial value 

Slow wilt develops on oldei plants when a large colony of 
mealy bugs is built up fiom a small initial population Unlike 
quick wilt, slow wilt is always fatal The leaves wilt but, 



Fig 57 —Mealj-bug wilt of pineapple “Quick wilt ” This type most fre¬ 
quently occurs on young plants after the attack by a colony of 50 or more mealy 
bugs Plants often reco\ er from quick wilt “ Slow wilt ” occurs on older plants 
after a colony of mealy bugs has been built up slowly from a small initial popula¬ 
tion Slow wilt is ah\ ays fatal (After Carter ) 

because they aie oldei, droop less than those affected with quick 
wilt The tip becomes neciotic, but the yellow and pink coloi 
charactenstic of quick wilt is absent The roots collapse and aie 
invaded by various secondary oigamsms that contubute to the 
final destiuction of the plant Green spots associated with the 
feeding punctures of the mealy bugs aie often found on plants 
affected with each type of wilt The wilt is usually more seveie 
when the green spots are piesent, but Caiter considers the 
production of gieen spots a distinct disease and not a symptom 
of mealy-bug wilt 
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The mealy bug (P brevipcs) (Fig 58) is a member of the 
homopteious family Coceidae In Hawaii, it is found on many 
kinds of plant, its pnncipal hosts being pineapple, banana, 
sisal, and several species of glasses, including Pamcum bcubinode 
and Tncholaena losea Nees The insect is paithcnogenetic and 
ovovivipaious, lequiring about two months to complete its 
hie cycle The insects’ bodies aie coveied with a chaiactenstic 



Fig 5S A colony of pineapple mealy bugs ( [p6eudococcui> InevipeO on a pine¬ 
apple plant 

white wa\y secietion, and they also seciete honeydew The 
mealy bugs are constantly attended by two species of ants 
[Pketdole megacephala (Fabi ) and Sole?iopsis geiminata Fabi 
var rufa Jerdon], and colonies will not develop noimally v T hen 
the ants are excluded 

Based on the lesults of a long series of experiments, Carter’s 
conclusions are that mealy-bug wilt is caused by a phytotoxic 
secretion that is diffusible but incapable of repioduction m the 
plant The failure of quick-wilt symptoms to develop wdien 
colonies w r ere built up slowdy from a small initial population 
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was inteipieted as the lesult of an antitoxic reaction on the pait 
of the host Evidence was presented to show' that the toxicity 
of the secietions vaned with the kind and condition of the host 
plants 

Twrn hypotheses weie considered m explaining the difference 
m toxicity of small and laige initial populations The fiist 
assumes that the mealy bugs from a single colony are equally 
toxic and that various quantities of toxic secretion aie necessary, 
dependent on the geneial toxic level of the colony and the 
susceptibility of individual plants The second assumes that the 
capacity to pioduce wait is limited to certain individuals m 
the colony and that the development of wnlt is governed by 
the incidence of toxic individuals Because of the sedentary habit 
of the insect, it was considered unlikely that great variation in 
toxicity w r ould occui among individuals of a single colony 
A caiefully planned field expenment m which a laige number of 
plants weie infested with mealy bugs, varying m numbei from 
1 to 40 pei plant, favored the first hypothesis and led Carter 
(1935) to conclude that “the most susceptible plant required a 
toxic dose greater than that provided by the feeding of one mealy 
bug,” although m later experiments occasional plants wilted 
following infestation by single mealy bugs (Carter 1937) In 
general, the percentage of plants wilting increased with the 
numbei of mealy bugs, but the mciease was not directly propor¬ 
tional Theie appealed to be a point on the dosage scale that 
induced a dispiopoitionate increase m wilt, dosages beyond 
this point resulting m only small increases in the number of wilted 
plants 

Green Spotting of Pineapple and the Pmeapple Mealy Bug — 

When Illingworth (1931) described the mealy-bug wilt of pine¬ 
apple, he mentioned a characteristic green spot associated with 
the feeding punctures of the mealy bug [Pseudococcus biempes 
(Ckl)] and interpreted it as a symptom of wilt Cartel, how- 
ever, m later investigations (19336) showed that some of the 
mealy bugs did not cause green spotting even though they 
readily caused wilt He concluded, therefore, that green spotting 
is a disease separate and distinct from pineapple wilt althoughboth 
diseases are caused by the toxic secietions of the same insect 

Mealy-bug colomes on the pineapple aie found most commonly 
feeding on the white or hght-gieen tissues at the base of the leaves 
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If the colonies aie veiy large, they may extend up the leaf foi 
some distance on the gieenei tissues The green spots theiefoic 
aie first seen on the vhite tissue as faint yellow-gieen homo¬ 
geneous spots As the leaf grows and becomes darkei green, 
the spots maintain a darker color than the surrounding tissue 
Often theie is a concentric zone of light green around the darker 
center Some of the spots may appear as raised velts, especially 
m older and partly shnveled tissues Occasionally the centei of 



Pig 59 —Green spotting of pineapple Photographs shoeing several of the 
\ arious t>pes of spot A large green spots with dark centers, B, green spots in 
which color has persisted while sunoundmg tissue has become extremely chlor¬ 
otic, C, a leaf wnth three distinct kinds of spot laised, weltlike spots in median 
aiea, nonele\ated gieen spots near margin of leaf and several large spots of 
secondary necrosis (After Carter ) 


the spots may become chloiotic and eventually necrotic The 
spots vaiy m size fiom 1 to 10 millimeters m diametei, averaging 
3 to 5 millimeteis (Fig 59) 

These spots are strikingly different from the feeding injuries 
made by a strain of mealy bugs that does not cause the green 
spots These aie usually visible as small, nregular-shaped, 
chlorotic spots with some rugosity of the leaf surface if the 
punctures aie numerous The spots usually are the result of a 
number of mealy bugs feeding foi a prolonged period m one 
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place Histological examination of the typical green spots 
leveals an mciease m size and numbei of chloroplasts with no 
thickening of the cell walls The protoplasm appears normal 
but contains flat polygonal bodies that stam heavily with 
Lugol’s solution Often the gieen tissues will appear as an island 
of green in chloiotic tissue In the chlorotic spots formed by the 
feeding punctuies ol nongieen-spottmg mealy bugs, the proto¬ 
plasts are degeneiate, and the cell walls are thickened The 
area of injury is more localized and does not extend far beyond 
the actual aiea fed upon 

It was observed that those mealy bugs which legularly cause 
the green spots are a darkei giay coloi than the pinkish gray 
ones which do not cause the gi een spots These darker individ¬ 
uals appear to move about more frequently as if the green 
spots make the tissue unsuitable for furthei feeding Furthei 
examination of the insects showed that the dark-gray coloi of 
the gieen-spottmg mealy bugs is caused by the piesence of a 
dark-coloied mycetome, the mycetomes of the “normal’ mealy 
bugs being white A micioscopic study of the mycetome showed 
that it contains two diffeient kinds of microsymbiotes A yeast- 
like miciosymbiote is always piesent m the mycetome of both 
types of mealy bug, and a bactenum-like, rod-shaped symbiote 
is found only m the dark-gray gieen-spottmg mealy bugs 
Furthei studies proved that the bactenum-like symbiote w r as 
pleomorphic and that by passing thiough a tiansitional stage 
it was transformed into a coccus form m the pink non-spotting 
mealy bugs (Fig 60 ) 

It was further observed that mealy bugs taken dnectly from a 
glass host (Panicum barbmode Tnn ) contained the symbiote 
m the coccus form and failed to cause the green spots In a 
series of feeding experiments, m w T hich gieen-spottmg mealy btigs 
w r ere removed from pineapple and fed on Panicum glass for 
two or moie generations and then returned to pineapple, the 
green-spotting capacity w^as lost Parallel with this loss, the 
bactenum-like symbiote changed fiom the lod form to the coccus 
form Continued cultivation on pineapple did not restoie 
the green-spotting property of the mealy bugs 01 the tod form ol 
the microsymbiote, indicating that the change w as not reversible 
Fiom these and other expenment’s Carter concludes that the 
green spotting is caused by a phytotoxic secretion of the mealy 
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bug that is conditioned by the picsence of the miuosymbiote m 
the rod-shaped foim 

Although the paiallelism between the piesence of the micro- 
symbiote m the rod foim is stiiking, it does not necessarily 
prove that theie is a dnect lelationship between the two Theie 
seems to be a possibility that the same factors that influence 
the toxicity of the insect's secretion also influence the moi- 



Fig 60 —Photomioiogiaphs showing the miciosymbiotes of Pseudococcus 
brempes JL, cetocyte& containing the common foi m of symbiote, B , a prepara¬ 
tion showing the rod-shaped foim mteispeised with vacuolated cells ot the com¬ 
mon foim, C, lod-shaped symbiote from gieen-spottmg mealy bug, D, intermedi¬ 
ate f£i ms of rod-shaped mbiote, E, coccus foi m of symbiote (AfUi Carter ) 

phology of the microsymbiote This would not necessanly 
imply a causal relationship The probability that the mor¬ 
phology of the miciosymbiote conditioned the toxicity of the 
secretions would be greater if it weie known that the micio¬ 
symbiotes had any direct connection vith the oial secietions 
of the insect Theie is as yet no proof that this is tiue The 
xnycetome is found m close apposition to the mi d-gut, but there 
is no direct connection Neithei has there been shown any 
connection of the mycetome wnth the salivary glands Caitei 
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(19366) states, “The mvanable presence of the lod-shaped 
foim m gieen-spottmg mealy bugs, the evidence of a transitional 
foim, the complete absence of the lod, and the invariable presence 
of the coccus lod m nongieen-spottmg mealy bugs are consideied 
pi oof of the lelationship between the symbiotes and the oial 
sea etions of the insects ” These facts may show strong indica¬ 
tions of a lelationship, but they could scaicely be consideied 
as final pi oof of so complex a physiological lelationship Fuithei 
evidence will be necessaiy befoie the causal lelationship of the 
pleomorphic changes m the microsymbiote and the toxicity of 
the secietions of the insect can be accepted as a pioved fact 

Ito (1938) has studied the life histones of the pink and the gray 
stiam of this insect It w as found that the pink form repioduced 
parthenogenetically, producing only females, while the giay 
foim lepioduced sexually, pioducmg both males and females 
This discoveiy may piove of some impoitance m futuie studies, 
although its significance is not obvious at present In othei 
aspects of then life histones, there was veiy little difference 

Psyllid Yellows of the Potato In 1928, a new and destructive 
disease of potatoes and tomatoes w’as repoited by Richaids 
fiom the western part of the United States Richaids and 
Blood (1933) have shown that the disease is definitely associated 
with the feeding piocesses of the nymphs of the tomato psyllid 
(Paiatnoza cocker elh Sulc ) Unlike hoppeibum and the rnsset- 
mg of apples by the capsid bugs, psyllid yellows is a systemic 
disease Although the insects may feed on only a few of the 
leaves, the grow T th of the entire plant is affected to a staking 
degiee 

The symptoms vaiy somewhat with the numbei of insects on 
the plant and the length of the feeding penod The liijiuy 
is greatei when the insects aie abundant, but the degree of 
mjuiy is not always m piopoition to the numbei of insects 
piesent The feeding of 10 to 30 nymphs is necessary foi the 
full expression of the disease The intensity of the light also 
has a marked effect on the disease, the symptoms being more 
pionounced m bright sunlight 

Theie is a maigmal yellowung and an upwaid lolling of the 
basal parts of the leaflets (Fig 61) The terminal leaves of the 
pigmented varieties assume a led or purple cast In advanced 
stages, the oldei leaves become necrotic The entire plant is 
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stunted by failure of the stems to elongate, the nodes swell, 
and the axillaiy buds may develop into aenal tubeis 01 shoit 
shoots with swollen bases and small distoited leaves Tubenza- 
tion is suppiessed m youngei plants, and the stolons of older 
plants may develop secondary aenal shoots The physiology 



Fig fal — V leaf fiona potato plant affected with psjllid yellows showing the 
cuiling at the bases of the leaflets (After Richards and Blood ) 

of the entire plant is affected strikingly, and the translocation of 
photosynthetic products is decidedly abnoimal (Fig 62) 

There has been some difference of opinion as to the nature of 
the disease Binkley (1929) repoited evidence -which led him to 
conclude that the disease -was caused by a thus transmitted by 
the psyllid nymphs, and Shapovalov (1929) observed vhat he 
thought vas tuber transmission of the disease in potatoes 
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The most thorough and complete investigation of the disease 
to date is that of Richards and Blood (1933) These authois 
were unable to demonstrate tuber transmission and could not 
prove the virus natuie of the disease, although the possibility 
of its being caused by a virus was recognized They showed that 
when the insects vere lemoved from affected plants theie was a 
cessation of the development of symptoms and a uniform tend- 



Fig 62—A potato plant affected with psjllid yellows (Ajfer Richards and 

Blood ^ 


ency to leeovei The disease is produced only by the nymphs, 
the adults being nontoximfeious The ability to pioduce the 
disease is mhented by the insect without xegaid to its having 
fed on a diseased plant Richards and Blood did not leach a 
final conclusion as to the nature of the disease, but the evidence 
presented strongly favors the view that the psylhd is a toxi- 
cogenic insect and that the disease is caused by a toxic substance 
injected into the plant by the nymph in the act oi feeding 
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Smith (1937) has classified psyllid yellows as a vims disease 
caused by Solarium vnus 18 This docs not appeal to bo justified 
on the basis of the a\ ailable evidence 

Psylhds m geneial have well-developed mycetomes that haiboi 
mieiosymbiotcs (see Chap III) In the light of Cartel's woik 
on the i elation of microsymbiotcs of mealy bugs to the green- 
spottmg disease of pineapple, a study of the mici osymbiotes of 
this insect seems desirable Such a study of the tomato psyllid 
offers a good opportunity for testing the hypothesis that micro- 
symbiotes aie m some way concerned m the production of toxic 
substances secreted by the toxicogemc insects 

Eyer and Crawfoid (1933) have studied the feeding habits of 
the tomato psyllid and the pathological histology of the disease 
The nymphs feed pumarily on the leaves, usually on the lowei 
suiface, seeking out the vascular bundles Then setae teimmate 
most frequently m the phloem tissues oi m the bordei paren¬ 
chyma suiioundmg the phloem Theie is no extensive mjuiy 
or plugging of the xylem, although phloem cells are often killed 
A definite accumulation of starch is found m the paienchyma 
tissue, reflecting the inhibited translocation of photosynthetic 
matenals A more detailed study of the abnormal physiology of 
carbohydiate translocation has been reported by Eyei (1937) 
The life history of the tomato psyllid has been described by 
Ixnowlton and Jones (1934) and by Daniels (1937) The insect 
feeds on both wild and cultivated species of solanaceous plants 
It hibernates m the adult stage m warm, diy locations and m 
early spring feeds on clumps of wild perennial species of ground 
cherries (Physahs lanciolata Mich\ , P longifoha Nutt, and 
Qumcula lobata Raf ) One or two generations may be spent on 
these weeds befoie migration to the potato fields begins The 
small, spindle-shaped eggs are deposited most abundantly on 
young apical leaves on either the lower or the upper suiface and 
are attached and supported by a short stipe (Fig 63) From 
5 to 150 eggs per day are deposited by a single female during an 
opposition period varying from a few days to several months 
The insects are favored by warm, dry weather, and m favorable 
seasons there may be 8 to 10 generations The eggs hatch m 
about five or six days and the nymphs ciawl down the stipe and 
begin feeding on the plant tissues, passing through five mstars 
About 15 days are required for the completion of nymphal 
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development Theie is usually a high moitality of nymphs at 
the fiist eedysis The adults aie winged and are quite active 
when the plants aie distuibed 

List (1939) has lepoited on the 1 elation of tempeiature to the 
development of the psyllid and to its prevalence He concludes 
that it thrives best at about 80 degrees and is letarded m its 
development at higher tempeiatures A temperatuie of 95 
degrees for only 2 or 3 houis per day permits little, if any, 
increase m numbers Its prevalence was correlated with 



Fig 63 —The tomato ps> llid A section or a leaf enlarged to show eggs and 
nymphs (approx 10 X), -B, two adults, a young and old nymph, and se\ eral eggs 
on a potato leaf (approx 12 X) (Courtesy of Montana Agricultural Experiment 
Station ) 


temperatures m extensive field observations of a penod of more 
than twenty years 

The relation of temperature to migration and hibernation of the 
psyllid is discussed by List, who expresses the opinion that 
the psyllid hibernates m some biceding ground distant fioni the 
region of high summer infestations It is thought possible that 
wuth the coming of hot weather m the southern breeding areas 
the psyllids migrate and are brought into the farming legions 
by the same an cuirents that bung m the beet leaf hoppers 
This hypothesis is supported by the observations of Romney 
(1939), who has reported that the psyllids bleed abundantly m 
early spring on Lycium andersonii Gray and L maciodon Giay 
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m the semidesert areas of southern Anzona By the middle of 
June, they have all migrated and aie not to be found again until 
an influx occurs in late Octobei 01 eaily Novembei Theie is 
obvious need for moie extensive studies of the bieedmg and 
migration habits of this insect m 1 elation to the prevalence of 
psyllid yellows 

Successful control of psyllid yellows has followed the control 
of the insects by spraying with lime-sulfui (List 1934, Daniels 
1934, 1937) Liquid lime-sulfui spiay (1 gallon, 32 degrees 
Baume, to 40 gallons of watei) applied with a powei sprayer at 
200 to 300 pounds piessuie is lecommended Two applications 
early m the growing season aie lequired 

Anasa Wilt of Cucurbits —A wilt of squash, pumpkin, and 
other cucurbits caused by the squash bug (Anasa tnshs De G ) 
was described m 1931 by Robinson and Richaids It was said 
to be responsible for the complete abandonment of squash and 
pumpkin growing m many paits of Utah The disease, which 
resembles bacterial wilt m many respects, is caused entirely by 
the feeding activity of the bug, theie being no paiasitic micro¬ 
organism involved Undei experimental conditions, wilting 
occurred m 24 hours to 16 days, depending upon the number of 
insects, age of plant, and other factors 

If the insects were removed before wilting had progressed too 
far, the plants recovered and the new giowth was noimal 
Only the parts above the point of insect feeding were affected 
Because of the rapid late of development and the small number 
of insects required to cause waiting, it w r as concluded that the 
disease is caused by the injection of a toxic substance into the 
plant by the insect during the feeding process 

Insect Galls.—Galls caused by insects constitute a pathological 
condition that should be classified wnth those diseases caused by 
toxicogemc insects It is agreed by nearly all those who have 
studied the subject that the galls develop m response to a 
stimulating substance introduced mto the plant by the insects 
In practically all insect galls, the stimulus to abnormal over¬ 
growth arises from the young insects that develop inside the 
plant tissues There is some evidence that the females of certain 
gall-pioducmg insects secrete an irritant that is injected mto 
the plant at the time of opposition An enlargement of the 
tissue takes place before the egg has hatched, probably as a 
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i(‘sult of the injected substance, but the presence of the develop¬ 
ing laiva is necessary foi the complete foimation of the typical 
gall 

Cecidiology, 01 the study of galls, is an extensive subject and 
has been investigated fiom many viewpoints The numbei of 
insect species that cause galls is very laige However, insect 
galls do not cause a gieat amount of mjmy to cultivated plants 
and consequently have leceived lelatively little attention fiom the 
plant pathologists Compiehensrce tieatments of the subject 
chiefly fiom the academic mew point, have been wait ten by 
Cook (1902, 1903, 1904), Connold (1902), Cosens (1912) Felt 
(1917) Kustei (1925), Ross (1932), and otheis It will be 
necessary heie to give only a buet outline of the essential known 
facts about insect galls 

A gall, oi cecidium, is usually defined as an abnoimal plant 
oveigiowth caused by a paiasitic plant oi animal If caused by 
a plant stimulus the gall is known as a phytocecidium , if caused 
by an animal stimulus, it is a zoocecidium The majority of 
plant galls aie zoocecidia and aie caused pnncipally by insects 
and by mites (Acanna), especially by species of Acanis Eno- 
phyes , and Phyllocoptes The gall-foimmg insects aie found, 
foi the most part, m the Hymenopteia, Dipteia, and Homop- 
teia A few r mmoi galls aie caused by species oi Coleopteia 
and Lepidopteia Most of the gall-pioduang Hymenopteia 
aie m the family Cynipidae, although a few icpiesentatives of 
othei families also aie gall foimeis Accoidmg to Folsom and 
Waidle (1934), appioximately 86 pel cent of the cynipid galls 
aie found on species of Qua cm, about 7 pei cent on species of 
Rosa, two pei cent on the Compositae and the lexnamdei on 
othei species of plants 

The Dipteia include the laige family Cecidomyidae, oi gall 
midges The Noith Amencan gall midges and then galls 
have been studied extensively by Felt (1913 to 1925) wdio has 
descnbed moie than foui hundied species foirnmg galls on loots, 
stems, leaves, fiuits, and buds of neatly two hundied genera of 
plants In addition to the gall nudges, a few Diptera of the 
family Tiypaneidae (Tiypetidae), Chloiopidae (Osemidae), 
and Agiomyzidae also produce galls 

The gall-pioducmg Homopteia aie confined mostly to the 
Aphididae and Psylhdae wuth a few’m the Coccidae The gall 
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aphids attack a wide vanety of plants, and the Psylhdae cause 
most oi then galls on species of hackbeny 

Mites belonging to the family Eiyiophyidac cause leal and 
bud galls One gioup of mite galls is chaiactenzed by the 
excessive pioduction of abnoimal tuchomes The diseased 
condition is fiequently spoken of as “ennose,” and the galls 
are often called “felt galls 31 The tuchomes may be fiee on the 
leaf suiface or enclosed m pouchlike concavities resulting from 
the mite infestation Other mites of the family infest buds, 
causing them to swell but inhibiting noimal unfolding, a condi¬ 
tion usually known as “big bud ” 



Fig 64 —Representati\ e types of insect gall a , a leaf gall of oak caused by 
Philomx prtnoides, b, a stem gall of blackberry caused by Diastrophus rebulosus, 
c, a root gall of rose caused by Rhodites radicum, d, a bud gall of witch-hazel 
caused by Hamamehstes spmosus (After Felt ) 


Insect galls assume a wide vanety of sizes and shapes All 
gxadations fiom the appaiently noimal to the decidedly abnoimal 
are found It is not easy to diaw a line distinguishing tiue galls 
from def oi mat ions not woithy of classification as galls A 
definite tiansition from the simple to the moie complex can be 
observed The more simple galls may be foimed by a meie 
folding of the leaf lamina Moie complex sac galls aie formed by 
invagination of the leaf suiface The more highly developed 
cambial galls result from insects developing deep m the tissues 
of the stems, usually aftei the insertion of the egg at time of op¬ 
position The form of the gall and its position on the host plant 
are usually very characteristic of the insect, and the species 
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can often be identified by the charaetei of the gall it pioduces 
Inject galls aie often classified on the basis of the pait of the plant 
on which they chaiactenstically are found Foui classes aie 
usually lccogmzed (1) leaf galls, (2) stem galls, (3) bud galls, 
and (4) loot galls (Fig 64) 

The physiology and mechanics of gall formation aie known 
only impel fectly The detailed structme of many galls and the 
insects causing them are known, but the physiological processes 
involved m gall production are still obscure Gall tissues are 
formed by hypertrophy or hypeiplasia or both Hyperplasia 
is the most common type of tissue change involved m the forma¬ 
tion of insect galls 

In neaily all galls, the growth of the gall is associated with the 
development of the immature stage of the insect Certain 
Homopteia, especially the aphids, may cause pseudogalls at any 
age by external stimulation A few instances ha\ e been 
lepoited where a ceitam amount of tissue enlargement has 
followed oviposition without larval development, but such 
stimuli are not sufficient for the formation of a typical gall 

It is of interest that alternate generations of certain gall insects 
may produce diffeient kinds of galls Peigande (1901) has 
descubed the life history of Hamamehstes spinosus Shimer, 
showing that different generations aie capable of producing 
different kinds of gall on the alternate hosts, while certain genera¬ 
tions of the same species are unable to produce any kind of gall 
This phenomenon was discussed by Lutz and Brown (1928), 
who pointed out that the agamic generation produces a gall 
quite different from that produced by the sexual generation 
These may or may not occur on the same plant but never on the 
same part of the plant m question It is generally assumed that 
the immediate stimulus is brought about by the secretions of the 
developing larvae, although Cook (1902, 1903, 1904) was 
inclined to the viewpoint that the mechanical stimulus furnished 
by the feeding larvae was sufficient to bring about excessive 
giowth of the plant tissues Adler (1881) and Beijennck (1888) 
expressed similar views Symbiotic microorganisms have been 
suspected of being involved also m some cases of gall produc¬ 
tion Lutz and Browm (1928) found a bacterium constantly 
associated with the aphid, Hamamehstes spmosus , and the bud 
gall of witch hazel They suggested that the bacteria furnish 
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the stimulus to gall formation, but they failed to prove this point 
experimentally 

Negei (1913) and others have described a numbei of midge 
galls m which certain fungi are constantly associated with the 
insect Neger concluded that there is a symbiotic association 
between the fungus and the insect, and because of the similanty 
of the association to that of the ambrosia beetles he called the 
galls “ambrosia galls ” 

Ross (1922, 1934) has studied extensively a numbei of these 
fungus-infected galls He believes, howevei, that the fungus 
lives m the gall as a haimless saprophyte until the laivae matuie 
and emerge, when it becomes parasitic on the plant and causes a 
decay of the gall It is not known definitely how the fungi 
fiist gam access to the gall tissues, but it is believed that they aie 
carried m by the larvae The species of fungi and the extent of 
then development m the galls vary widely Species of Macio- 
phoma and many yeastlike fungi have been isolated m puie cul¬ 
ture According to Ross, the fungus is not essential to the 
development of the gall or of the insect He also does not con¬ 
sider its association with the insect one of symbiosis and objects 
to calling them ambrosia galls 

Docters Van Leeuwen (1929, 1939) has described a gall on 
Symplocos fasciculata Zoll m Java caused by a gall midge 
(Asphondyha bursaria Felt), which he interprets as living m 
symbiosis with a fungus When the galls matuie m December, 
the laiva within the gall is completely surrounded by a mass 
of fungus mycelium The fungus mass is black on the surface 
but v hite internally This internal white portion is completely 
consumed by the larva before it reaches maturity The adult 
insects emerge m Febiuary and March and deposit eggs m the 
stems petioles, and mid-ribs of the leaves It was observed m a 
study of the life history of the insect that each egg is constantly 
contaminated with spores, but the method of contamination 
was not determined As soon as the gall tissues are well differen¬ 
tiated, the fungus grows rapidly and fills the entire chambei 
except the small space occupied by the larva The gall could 
not be produced with either the fungus oi the insect inde¬ 
pendently All attempts to grow the fungus m artificial culture 
failed It is not known definitely, therefore, what influence 
the fungus has on the development of the gall tissues However, 
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Docteis Van Leeuwen (1939) agrees with Neger that the rela¬ 
tionship between fungus and insect is one of true symbiosis 
and consideis the gall an ambrosia gall 

Malpighi was perhaps the fiist to suggest that the stimulus to 
gall formation was of a chemical nature This conclusion, 
dating fiom the seventeenth century, has been reached by many 
woikers of more recent date Rossig (1904), Tnggerson (1914), 
Magnus (1914), Kostoff and Kendal (1930), Zweigelt (1931), 
and otheis have presented evidence to support the view that 
chemical substances secieted by the young insects are the prin¬ 
cipal stimuli responsible for the abnormal tissue growth There 
is very little known, however, of the nature of the chemical 
substances or the mechanism of the changes that they bring 
about in the plant cells 

Cosens (1912) has given consideration to the physiology of gall 
formation and has concluded 

The larva secretes an enzyme capable of changing starch to sugar 
which acts on the starchy constituents of the nutntn e zone and acceler¬ 
ates the rate of their change to sugar The material thus prepared 
supplies nourishment for both the larva and the gall The protoplasm 
of the latter is thus rendered unusually active since it receives an abnor¬ 
mal quantity of available food material m a limited area The hyper¬ 
trophy and cell proliferation and probably the appearance of vestigial 
issue or other primary characters are the response of the protoplasm of 
the host to the additional food supply 

The experimental pi oof of the nature of the physiological 
process is very difficult, and all attempts at artificial production 
of typical galls by the injection of extracts oi othei chemical 
substances have failed Gall production is a very complicated 
process, and even though simple chemical substances secieted 
by the insects may be largely responsible foi stimulating over¬ 
growth, the presence of the developing larvae appeals to be 
necessary foi typical gall production 

The relationship between insects and plant diseases in gall 
formation has been discussed more recently by Felt (1936), 
w T ho points out that growth in a plant is piobably controlled 
m part by diffusion from one tissue to another and that any 
single xneristematic cell is capable of forming a part of any 
plant structure normal for the species Potentially, any living 
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cell is capable of menstematic growth, and its behavior is deter¬ 
mined by its position m the living tissue Felt concludes 

The production of plant galls is dependent on stimulation of plant 
cells m a menstematic or plastic condition A laige proportion of plant 
galls are produced m buds or m tissues as they develop fiom buds 
The gall producers stimulate cell production m the earlier stages of gall 
formation The possibility of these remarkable developments depends 
on the adaptability of plant cells or groups of plant cells It can hardly 
be held that these growths are of material advantage to the plant They 
seem to be, on the part of the plant, a more or less blind reaction of cell 
groups, as it were, to stimuli which, under other conditions, might result 
m the production of buds and the paits ordinarily developing from 
them There is a close analogy between the insect gall and the develop¬ 
ment of adventitious buds and an actual approach, m methods of 
growth and formation, to plant seeds or fruits, the gall producer occupy - 
mg the place of the seed and the sunoundmg tissues being comparable 
to the husks or carpels 

The histology of insect galls has been studied extensively 
The tissue changes associated with gall production may be 
either kataplashc , m which the gall tissues show little 01 no 
differentiation, consisting mostly of large, thm-walled paien- 
chyma cells, or prosoplashc , m which the tissues are well diffeien- 
tiated, often being more complex than normal tissues The 
majority of insect galls are prosoplastic Kataplastic galls are 
more commonly produced by fungi and bactena In well- 
foimed, piosoplastic insect galls, three distinct kinds of tissue 
may be xecogmzed protective tissue, mechanic tissue, and 
nutritive tissue The outer tissues made up of epidermal cells 
01 tissues denved fiom them are definitely piotective m nature 
The protective tissues may be little changed from normal or 
greatly modified by the excessive pioduction of such additional 
protective structures as tnchomes Stomata and lenticels aie 
present, but the stomata do not close so readily as those on normal 
tissue The mechanic tissue is composed of sclerotic cells 
(stone cells) or heavily kgmfied fibers that surround the develop¬ 
ing larva and protect it from outside pressure The nututive 
tissue is that immediately surrounding the young insect and the 
one from which the larva derives its nourishment It usually 
consists of thm-walled cells with dense protoplasmic contents 
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In addition to these thiee tissue type^, some galls have the 
so-called “aeiation tissues” composed of loosely arranged cells 
with laige mteicellulai spaces It has been assumed that such 
tissues piovide foi easy access of oxygen to the developing laiva 
Vascular tissue is piesent m amounts adequate foi the needs of 
the gall and is normal m every respect An effective vascular 
system appears to be necessary for the excessive growth required 
for the development of a prosoplastic gall 

Trichomes, glands, and other epidermal structures are often 
produced m excessive quantities by galls, and many such struc¬ 
tures may appeal to be new and atypical for the plant species, 
but, according to Cosens (1912), the galls cannot produce any 
fundamentally new tissues He states that a careful search of 
the normal plant has always revealed the structure m question, 
although it usually occurs m much smaller numbers 
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CHAPTER \I 


INSECTS AND BACTERIAL DISEASES 

Appio\imately two hundied species of bactena have been 
proved pathogenic to plants Some of these aie extremely 
destructive, while otheis aie of minoi economic importance 
Insects play a majoi ide m the epiphytology of sexeral of the 
most destructive bactenal diseases and influence to some extent 
the development of many otheis At least one impoitant bac- 
tenal disease, cucuibit wilt, is entnely dependent upon insects 
foi its spread and de\elopment 

The plant pathogenic bactena aie small, rod-shaped, um- 
cellulai organisms aveiaging less than 1 micion m width and 
less than 2 micions in length They are unable to penetrate 
the uninjured cuticle of plants and therefore must gam entrance 
through natural openings 01 thiough injuries The wounds 
made by insects aie utilized foi this puipose by many bactenal 
plant pathogens Bactena and bactenal diseases have many 
othei characteristics that make them w T ell suited to insect 
ti ansnussion 

The liteiatuie is replete with references to possible relation¬ 
ships between insects and bactenal diseases When the method 
of dissemination of a bactenal pathogen is not cleaily under¬ 
stood, the statement is \eiy fiequently made that it is “probably 
spread by insects J Such statements usually aie not supported 
by experimental evidence, and often no specific insect is named 
In other cases, specific insects may be mentioned, but con¬ 
clusive evidence of then incrimination is often lacking Not 
all these lefeiences aie included heie In the following pages, 
some of the better known relationships are discussed, and an 
attempt is made to weigh the evidence and to evaluate the 
significance of the insects m the development of the diseases 
For more complete information on bactenal diseases of plants, 
the reader is referred to the works of Smith (1905, 1911, 1914), 
Elliott (1930), and Stapp (1929) and the literature cited by them 

158 
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Fire Blight of Orchard Fruits —Fue blight is a plant disease of 
unique histoneal intei est In 1881, Thomas J Bui nil pioved 
that the disease was caused by bactena, demonstiatmg foi the 
fiist time that bactena could cause a disease of plants About 
ten yeais latei, m 1891, Waite pioved that bees and wasps were 
active vectois of the disease This constituted the fiist expen- 
mental pioot that insects weie of unpoitance as vectois of any 
plant disease 

Fue blight is chiefly a disease of peais and apples although it is 
not stnctly confined to these ciops Othei oichard faults, as 



Fig bo — Pear blossoms killed by fire blight (After Rosen ) 


veil as many ornamental plants, are often affected, although less 
severely than pears and apples The known host lange is wade, 
including, accoidmg to Thomas and Thomas (1931) and Thomas 
and Aik (1934a), 90 oi more species mostly m the family 
Bosaceae Fue blight is a majoi disease ot apples and peais, 
and it is a limiting factoi m peai pi eduction in the Mississippi 
Talley legion oi the United States The disease was fiist 
lepoited m Eastern Xoith Amenca wheie it has been known 
since 1794 It is known to occui also m Japan, Italy, and 
Xew Zealand 

The disease affects pumaiily the blossoms (Fig 65) and young 
twigs (Fig 66) oi apple and pear uees, but infection may occur 
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also m laigei blanches, causing destructive cankeis The cankeis 
often completely gndle and kill the laige blanches When the 
t,i nnk of the tiee is affected, the condition is called “ collai blight ” 
Peai tiees and tiees of the most susceptible vaneties of apple 
may be killed outnght by file blight alone On the moie 



Fig 66 —Twig blight of pear Although infection may occur through stomata 
or mechanical injury, twig blight most commonly follows inoculation by sucking 
insects (After Rosen ) 


resistant vaneties, fire blight itself may be less destructive, 
but it is fiequently followed by black rot and othei fungus 
diseases that eventually destxoy the tiee 

Fire blight is caused by bactena [Erwtma amylovora (Bumll) 
Winslow et al ] that are favored by warm, humid weather and 
are most virulent on succulent, rapidly growing tissue Our 
knowledge of the epiphytology of fire blight is incomplete, and 
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theie is a wide diversity of opinion among those who have 
investigated the subject Early investigators recognized that 
the pathogen could live ovei v inter m the cankeis on the laigei 
branches, and it was geneially assumed that these “holdovei” 
cankers constituted the chief, if not the only, means of survival 
However, m recent years several othei possibilities have been 
suggested The sources of primary inoculum m the spring and 
the relative impoitance of the different means of dissemination 
of the pathogen constitute the crux of the fire-blight problem 

As early as 1884, Forbes observed fire-blight lesions associated 
with the feeding activities of the tarnished plant bug (.Lygas 
pratensis L) and expressed the opinion that this insect was 
acting as a vector of the disease Forbes, however, presented 
only observational evidence for his conclusions The accuracy 
of his observations was confirmed by experimental evidence 
piesented by Stewart (1913a, 19136) nearly thirty years later 

Waite (1891) pro\ r ed experimentally that bees and wasps 
become contaminated with the fire-blight pathogen when visiting 
blighted pear blossoms and that these insects commonly spread 
the infection to other blossoms The most complete account of 
Waite’s woik is given by Smith (1911, Yol II, p 55) who states* 

Mr Waite again produced blossom-blight on certain clusters of pear- 
blossoms by infecting the floral nectaries and by allowing the bees to 
have free access to these blossoms He succeeded through their agency 
m transmitting blight to other flow er-clusters on the same tree One 
of these experiments took place on the grounds of the United States 
Department of Agriculture, an isolated tree previously free from blight 
bemg used for this purpose Bees w ere observ ed to visit the infected 
flowers and, subsequently, flowers on other clusters, which flowers 
afterwards blighted Some of these bees were caught, their mouth 
parts excised, and cultures made therefrom b\ means of pouied-plates 
in Petri dishes Colonies obtained m this way closely resembled the 
pear-blight organism, and inoculations therefrom produced the disease 
m sound pear-shoots, thus demonstrating beyond dispute the actual 
presence of the pear-blight organism on the mouth parts of the sus¬ 
pected bees 

Everybody connected with the plant pathological w ork of the Umted 
States Department of Agriculture at that time had knowledge of these 
results The writer, among others, saw all of the experiments described 
and knows that they w ere w ell done and that the abo\ e brief outline can 
be accepted as an accurate statement of what actually took place 
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Being familial with the holdovei cankei s and the baeteiial 
e\udate frequently associated with them m eaily spnng (Fig 
67), Waite concluded that bees, wasps, and othei insects \isit 
the exudate, become contaminated with the bactena, and 
disseminate them to the blossoms But this conclusion was 
not based on expeiimental evidence All his expei lments v T eie 
concerned with the spiead of secondaiy inoculum Conclusions 



Fig 67—4. holdover cankei of file blight on apple showing the bacteual 
ooze, fiom which much blossom mtection originates Flies and ants feed upon 
the ooze and tiansfei the bactena to blossoms wheie thej infect Secondaiy 
spiead is accomplished laigelj thiough the activities of the honev bee Ram 
water is also important m both pnmaij and secondaiy spiead of blight (After 
If hetzel ) 


concerning pumaiy infection weie based on obsei ration and 
assumption only, and latei woik indicates that bees xaicly visit 
the exudate Wnteis, in lepoitmg Waite’s woik, often have 
accepted the assumed lole of bees m pumaiy infection as a 
pioved fact and this explanation was accepted geneially foi 
many years Recently sevexal woikeis have questioned the 
importance of holdovei cankeis m pumary infection and offered 
alternative theones based on moie 01 less expeiimental evidence 
On the othei hand, Thomas and Ark (1934a) have lepoited 
direct experimental proof that flies and ants carry blight bae- 
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tena fiom holdovei cankeis to blossoms and initiate piimaiy 
infection 

Gossaid and Walton (1922) were the fiist to emphasize the 
impoitance of lam dup and wind-blown lam as a means of 
dissemination of secondaiy inoculum, but they did not appieciate 
its possible significance m piimaiy infection These woikers, 
by means of cage e\penments pioved conclusively the effective¬ 
ness of lam m disseminating the bactena from blossom to 
blossom They venfied the eailiei woik of Waite showing that 
bees aie vectois, but they consideied lam to be the most impoi- 
tant agent of dissemination attei a fey centeis of piimaiy 
infection had been established by insects The pi oof of the im¬ 
poitance of lam watei m piimaiy infection has been demon- 
stiated by Biooks (1926) and confiimed by Millei (1929), Tullis 
(1929), and otheis who maintain that the gieater pait of primary 
infection i exults fiom inoculum fiom u holdoveicankeis splashed 
oi blown to blossoms m lam vatei Thomas and Aik (1934b), 
on the othei hand, claim that lam vatei is of little impoitance in 
actual dissemination but that it has an mdnect effect m providing 
favoiable conditions foi infection aftei dissemination by insects 
has taken place They point out that m diy veathei the nectar 
m blossoms is too eoncentiated foi giowth of the bactena and 
that the moie dilute nectai oceuiling m lamy iveathei is moie 
conducive to infection Anothei mdnect effect of lamfall is 
pointed out by Shaw > 1935) vdio has shown that apple and peai 
shoots aie moie susceptible m yet w’eathei because of the 
mcieased inteicellulai humidity yhich is favoiable ioi infection 
and development of the disease Pieistoiff (1931) concluded, 
“Meteonc yatex did not appear to spiead the blight bacteria 
fiom blossom to blossom Similai conclusions y eie leached by 
Paikei (1936) 

Gossaid and Walton (1922) lecogmzed the wide host xange 
of the disease and pioposed a new theoiv to account foi piimaiy 
infection without the aid of holdovei cankers This is the 
theoiy that the blight may be spiead fiom the fax South by 
insects and lam fiom blossom to blossom m a piogiessive va\e 
noithwaid Aftei such a wave had Waited m the South, it 
would spread piogiessively northvaid wnth the seasonal advance, 
infecting all oichaids m its path, making the piesence of hold¬ 
over cankeis lelatxvelv unimportant The theoiy obviously 
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is not easily subjected to experimental proof and is not geneially 
accepted 

Because of then feeding habits, bees aie concerned primallly, 
if not solely, with blossom infection and do not account foi the 
infection of shoots and twigs that do not bear blossoms Jones 
(1909) and Whetzel and Stewait (1909) were the fiist to offer 
an explanation for twig and shoot infection These workers 
obseived the frequent association of aphids with blighted twigs 
and concluded that they weie the vectors, but no experimental 
evidence was presented 

A few years later, Merrill (1915) leported a similai correlation 
between aphid infestation and fire-blight infection Stewart 
(1913a, 19135) presented the first expenmental pioof of aphid 
transmission of file blight and confirmed the early observations 
of Forbes that the tarnished plant bug is a vector Later, 
Stewait and Leonaid (1915, 1916) presented evidence that 
several other sucking insects could serve as vectois They 
concluded that the mode of transmission was purely mechanical 
and that any sucking insect feeding on a susceptible host was a 
potential vectoi Workers m general agree with this conclusion, 
but some, including Tulhs (1929) and Millei (1929), maintain 
that sucking insects play a veiy unimpoitant pait m the epi- 
phytology of fire blight 

Much of the earhei work led to the conclusion that, -with the 
exception of blossom infection, the bacteria could enter only 
through wounds Since the most frequently occuirmg wounds 
on young shoots aie those made by insects, it was only natuial 
to attribute twig blight to this method of infection However, 
m 1915 Heald showed that the infection of leaves thiough natuial 
openings (stomata and hydathodes) was common m the state of 
Washington and suggested that this might explain many infec¬ 
tions which ha\e been attubuted to insect inoculation Infec¬ 
tion of young leaves m the absence of wounds was verified by 
Tulhs (1929), Miller (1929), and Rosen (1933) 

Infections of the laiger branches and trunks usually are the 
result of invasion directly fiom infected small shoots, but Jones 
m 1909 demonstiated that such infection often followed the 
attack of the fruit-tree bark beetle (Scolytus rugulosus Ratz) 
Two years later (1911), he presented definite experimental 
proof that these insects were important vectors of the disease m 
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young peai oichaids Oiton and Adams (1915) obseived that 
90 pei cent of the cases of the “collar blight” type of fire-blight 
infection on apples m Pennsylvania weie associated with, infesta¬ 
tions of the baik beetle and consideied this insect as a possible 
vectoi although then conclusions were based laigely on observa¬ 
tional evidence 

Gossard (1916) appears to have been the first to investigate 
the xole of the beehive m the epiphytology of fire blight He 
found that the fire-blight bactena could survive for at least 
72 hours m honey taken from the hive and concluded that the 
hive could seive as a distubutmg centei for the fire-blight 
pathogen during the blossoming period Later Gossaid and 
Walton (1922) demonstrated the presence of the pathogen on the 
mouth paits of bees enteung and lea\mg the hi\es They also 
successfully inoculated apple twigs with honey taken fiom the 
hives at the same time Thomas m 1930 shoved that the 
pathogen could suivive m the hive on the comb and frames for 
55 days and pointed out the dangei of tianslocatmg hives from 
one oichaid to anothei 

These evpeiiments menminated the hive as a factor m second¬ 
ary inoculation, but theie was no conclusive evidence that the 
pathogen could survive the wmtei m the hive The latter 
possibility was senously investigated first by Rosen who, m 
1930, lepoited that he had “successfully isolated the fire-blight 
pathogen fiom beehive matenal gatheied throughout the summer, 
winter, and eaily spring and from the bees themselves obtained 
fiom the hives m the early spnng pnoi to the development of 
blight ” Rosen (1933) obtained 21 successful infections out of 
3,534 inoculations into young peai twigs with inoculum obtained 
fiom the mtenor of beehives He pointed out that, m Aikansas, 
fiesh infectious exudate was absent pnor to the appearance of 
blossom blight, which was invariably the first blight to appear, 
and that blossom blight was abundant m yeais when there was no 
lamfall during the blossoming period These facts led him to 
consider the hive as a significant source of primary inoculum 

Rosen’s conclusions are questioned by Pieistorff and Lamb 
(1934), who were unable to pioduce blossom infection by placmg 
hives artificially infested with the pathogen under apple tiees, 
all enclosed within cheesecloth cages Thomas and Ark (1934a) 
m California were unable to confirm Rosen’s claims that the 
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pathogen could suivive the -winter m the hive They claim 
that theie is not enough evidence to justify the conclusion that 
baetena taken into the hive by bees are souices of eithei pumaiy 
or secondaxy inoculum These woikeis conclude that, m Cali¬ 
fornia, pumaiy infection originates fiom baetena earned from 
holdovei cankeis to blossoms by ants, aphids, beetles, codling 
moths, flies, w r asps, and yellow jackets (Fig 68) Paikei (1936) 
also concluded that the pathogen probably could not suivive the 
winter m the beehive and attnbuted pumaiy infection to inoc¬ 
ulum transferred by ants and flies to blossoms fiom holdovei 
cankers 

Further objections to Rosen’s theoiy weie laised by Hilde- 
biand and Phillips (1936), who have made the most thoiough 



Fig 68 —A diagrammatic sketch, showing the relation of insects to the spiead 
and de\elopment of fire blight a, oozing cankeis from which flies (6) and ants 
(c) transport bacteria to blossoms and initiate primary infection, d, bees and 
other insects that transpoit baetena from blossom to blossom, inducing secondaiy 
infection (After Thomas and Arh ) 


study yet leported of the i elation of the bee and the beehive 
to the epiphytology of fiie blight They weie unable to recovei 
the pathogen fiom honey, comb, or bees aftei 3 days, when the 
pathogen was mtioduced by feeding the bees on a 60 pei cent 
suciose solution heavily charged wnth the baetena The longest 
period of survival m the hive that they could demonstiate was 
13 days m pollen and 12 days m fiame sciapmgs Aftei pointing 
out that none of the individual w r oikei bees active dm mg an 
epidemic of blossom blight would be likely to suivive until the 
following spnng, they attempted to isolate the pathogen fiom 
the eggs, larvae, pupae, and the adult bees m colonies fed on 
sugar solutions containing the bacteria, but weie unsuccessful 
It w^as proved that the bee was impoitant m disseminating the 
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inoculum fiom flow ex to flower and, piovided that the bees were 
feeding on contaminated food, from hive to fiow r ers It was 
concluded, hov r evei, that the pathogen was incapable of over- 
want ei mg m the beehive on the comb, m the honey, or m associa¬ 
tion wnth the bee, and that the hive was not a source of primary 
inoculum m the spnng of the yeai 

This brief leview reveals a wide diveisity of both opimon and 
evidence concerning the impoitanee of insects m the epiphytology 
of fixe blight It is somewdiat ironical that the fust association 
betw een insect and plant disease to be established should, after 
50 yeais, lemam m such an unceitam and unsatisfactory state 
Theie aie seveial leasons foi this The natuie of fire blight makes 
expenmentation difficult, the size of the suscepts makes caging 
expei iments expensive and gieenhouse expenments very unsatis- 
factoiy, and the wudely diffeient envnonmental conditions pre¬ 
vailing m the diffeient regions wffieie the investigations have 
been made may explain some of the diveigent xesults 

Much of the woik to date has been done with the assumption 
that the pathogen does not suivive m the soil, but lecent evidence 
presented by Aik (1932), that the pathogen may suivive for a 
consideiable length of time m the soil, opens up new r possibilities 
that should be thoioughly studied Hildebrand (1937) has 
shown that small numbem, even single cells of Ei uuiia amylovoia 9 
aie highly infectious when inoculated into nectar of apple flownrs 
He emphasizes the potential infective pow T ei of a veiy small 
numbei of bactena when disseminated by bees from blossom to 
blossom The evidence available is sufficient to convince anyone 
that insects do play an impoitant pait m the spiead and develop¬ 
ment of file blight, but it is pi actually impossible to evaluate the 
lelatne impoitanee of insects and other faetois as well as the 
xelative importance of some of the diffeient species of insects that 
have been mcnminated Much moie investigation of the subject 
is needed The investigations should have as then mam objec¬ 
tive the solution of these specific pioblems and should not be 
earned out meiely as an incidental pait of moie inclusive studies 
They should be made by mvestigatois thoioughly familiar with 
the techniques of both entomology and plant pathology and with 
a knowledge of the vanous associations of insects with plant 
diseases The i ecogmzed mipoi tance of the bee m the pollination 
of fimts and the mcieasing attention being given to the control of 
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blossom blight m oichaid practice (Hildebiand 1937a) make it 
impelative that the ielation of bees to the initiation of file-blight 
epiphytotics be definitely and accurately established The 
pioblem must be approached with an open mind The investiga¬ 
tors must be thoioughly familial with the life histoiy, habits, 
anatomy, and physiology of bees and must have an adequate 
conception of the nature of the disease and its cause 

Recent work has placed mci easing emphasis on flies as agents 
of dissemination of pnmaiy inoculum fiom holdovei canker to 
blossoms (Thomas and Aik 1934 and Paikei 1936) In view of 
this fact, the work of Ark and Thomas (1936) is veiy significant 
By controlled laboratory experiments, they have shown that 
the fire-blight pathogen may live foi seveial days m the intestinal 
tract of Drosophila melanogaster , Musca dome shea, and Luciha 
seriata Eggs of M domestzca from contaminated females were 
externally contaminated with the pathogen It was shown also 
that when the lai vae of D melanogaster and M domestica were fed 
on contaminated food the pathogen persisted thiough the pupana 
and recontammated the emerging adult The habit that these 
insects have of regurgitating the contents of the crop when feeding 
would make them especially effective as vectors of the fiie-blight 
pathogen The survival of the bactena m the pupana opens up 
the possibility of the pathogen ovei wintering m this way and 
suggests another possible source of pnmary inoculum These 
possibilities need furthei investigation under oi chard conditions 
Soft Rot of Plants and Dipterous Insects—The i elation of 
dipterous insects to the bacterial soft rot of plants constitutes one 
of the most interesting associations between insects and plant 
diseases The relationship was fiist discoveied m a study of the 
seed-corn maggot as a factoi m the development of the blackleg 
disease of potatoes (Leach 1925, 1926), and it has since been 
demonstiated foi seveial othei insects and plant diseases (Bonde 
1930a, Johnson 1930, Leach 1927) 

Potato Blackleg —Blackleg is one of the major diseases of the 
potato It causes an avei age annual loss of appi oximately 2 pei 
cent of the crop In badly affected fields the loss may be 50 pei 
cent or more, and it is not uncommon to find fields m which 10 to 
15 per cent of the plants have been killed by the disease In the 
majonty of the fields, however, the losses aie seldom gieatei than 
5 pei cent of the crop In addition to reduced yields, theie may 
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be fuithei losses caused by decay of the tubeis m storage 01 m 
ti ansit This is especially ti ue w hei e good stoi age conditions ai e 
not possible 

Blackleg is a bactenal soft lot caused by Eiwuua caiotovora 
(Jones) Winslow et al Any pait of the potato plant may be 
affected, although it is geneially the seed pieces, the base of the 
stem, and the tubeis that aie dnectly infected by the bacteria 
(Fig 69) The infected seed pieces aie usually decayed through¬ 
out befoie the bactena spread into the stem 01 out into the stolons 
to the newly foimed tubeis Seed pieces destioyed by blackleg 



Fig 69 —Potato blackleg .4, a potato plant drooping and beginning to die 
from blackleg infection compared 'with a health} plant of the same age, B, an 
affected plant pulled up showing the dark-colored soft rot of the base oi the 
stem The seed piece has been completely decayed 

vary m appealance In the majority of cases, the pathogenic 
bactena aie accompanied or closely followed by many sapro¬ 
phytic bactena and fungi that i educe the seed piece to a slimy, 
foul-smelling mass in which the larvae of insects, particularly the 
seed-corn maggot (Hylemyia cihciura) fiequently may be iound 
On the other hand, especially late m the glowing season, the seed 
piece may be affected by a watery translucent decay with no 
unpleasant odoi In such cases, xelatively few" saprophytes are 
piesent 

When a plant becomes diseased after tubeis have been formed, 
the decay frequently spreads through the stolons and into the new 
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tubeis In wet and heavy soils, these may be completely 
destioyed befoie haivest In light 01 veiy diy soils, usually a 
small portion of the stem end of the tubeis will be decayed, or 
pei haps only a browning of the vasculai bundle may lesult The 
flesh of tubeis rotted m the soil as a lesult of stolon infection may 
lemam neaily as white as normal until cut open and exposed to 
the an, when it will rapidly turn biown 01 black Tubeis 
decayed by a puie culture of the blackleg bacteria do not have an 
unpleasant odoi, but when secondary oigamsms aie piesent a foul 



Fig 70 —A section through a lesion caused by blackleg on a potato tuber 
showing the wound cork that has successfully checked the decay and w ailed off 
the bacteria fiom the healthy tissues 

odoi may lesult For a long time, the bactena causing blackleg 
of potatoes weie thought to be diffeient fiom those causing soft 
rot of othei vegetables, but moie recent w r oik has demonstrated 
them to be the same (Leach 19306 and Bonde 1939a) 

Foi many yeais, theie was a geneial belief that the bactena 
causing blackleg could not suivive m the soil over wmtei This 
belief was based partly on the negative results obtained by 
Rosenbaum and Ramsey (1918) and Ramsey (1919) and partly 
on a misunderstanding of the factors influencing infection of 
potato plants by blackleg Moie recently it has been showm 
that the conclusion based on the earhei work was not justified 
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and that the bactena do survive m the soil (Leach 1930a) In 
fact, the bactena aie present m most cultivated soils and may 
infect potato seed pieces when conditions are favorable When 
potato seed pieces aie planted m a soil under conditions favorable 
for giowth, a layei of coik cells is foimed ovei the cut suiface and 
serves as an effective barnei against bacterial infection (Fig 
70) Infection cannot occui unless some condition pi events the 
foimation of this coik layer or enables the bactena successfully to 
pass thiough it 

Theie are several ways in which the bactena may succeed m 
peneti atmg this protective layer of coik Numerous experiments 
have shown that, if the supply of oxygen is low, coik cells cannot 
be foimed In veiy wet soils, the air spaces are filled with water, 
the an being thus foiced out, the supply of oxygen is limited 
Leach (1930a) has shown that cork foimation is gieatly inhibited 
wdien tubeis aie planted m very wet soils, but this has no letard- 
mg effect on the giowdh of the bactena The bactena are 
facultative anaeiobes and aie able to grow as w T ell m the absence 
of oxygen as m the presence of abundant oxygen Undei 
anaeiobic conditions, cork cannot be formed by the tubeis, but 
the bactena may glow lapidly Thus there aie produced condi¬ 
tions favoiable foi infection of seed pieces by bactena in the soil 
This m all probability accounts foi the commonly observed fact 
that blackleg usually is moie prevalent m wet seasons than m dry 
seasons It may also explain the greater prevalence ot blackleg 
on heavy, pooily drained soils as compared with lighter well- 
diamed ones 

Insects may aid the bacteria in penetrating the protective cork 
layer foimed by the seed pieces Investigations by Leach (1926) 
resulted m the discovery that the seed pieces of plants affected 
with blackleg were frequently infested by larvae of the seed-coin 
maggot (Hylemyia cilici m a Rond) Further studies led to the 
conclusion that this insect is an important agent of dissemination 
and inoculation ot blackleg Ronde (19306) has shown that a 
closely related species {H tnchodactyla Rond ) also serves m the 
same capacity 

The seecl-eom maggot is a common pest of the potato and man}' 
other plants Reports of injury on corn, beans peas, turnips, 
cabbages, radishes, onions beets, potatoes, hedge mustard, toma¬ 
toes, and several other plants occui m the literature The insect 
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oveiwinters m the soil m the pupanal stage The adult flies 
emeige m eaily spung They may be seen flitting about ovei the 
suiface of the giound m great numbeis duung the planting season 
and appeal to be attracted by the fleshly turned soil They aie 
about the size of a housefly, which they lesemble m many lespects 
(Fig 71) Eggs are deposited on, 01 m, the soil neai seed pieces 
and young potato plants (Fig 72) The eggs aie slightly less 



Fig 71—The seed-corn maggot (.Hylemyia cihcrura ), the \ectoi of potato 
blackleg and bacterial soft rot of othei plants .4, an adult female fly jesting 
on the surface of a potato tubei (appiox l 1 ^ X), B, a female fly (appio\ 9 X), 
C, four eggs (appio\ 100 X), D, two larvae (appio\ 2 X), E, thiee pupae (appio\ 
X) 


than }25 inch m length but may be seen leadily with the naked 
eye They aie slightly cuived, white, and distinctly leticulate 
(Fig 71 C) When fleshly deposited, they aie coveted with a 
sticky fluid that causes them to adhere to anything with which 
they come m contact 

The eggs hatch aftei 2 or 3 days The maggot, upon emer¬ 
gence, is nearly transparent and only slightly longer than the egg, 
but it is able to move about rapidly m search of food The 
mouth of the maggot is equipped with two black, sharp, clawlike 
structures with which it is able to penetrate the tissues of the seed 
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piece Obseivations have shown that the maggots dm mg the 
fiist 24 horns will ciawl about ovei the cut suiface of the seed 
piece sciapmg with then mouth paits until the tissues begin to 
decay Duimg the next few days, they penetiate deep into the 
tissues, thoioughly inoculating the seed piece with bactena 
Expenments have demonstiated that the eggs aie sometimes 
contaminated on the suiface with the blackleg bacteria when 
deposited It has been shown, also, that the bactena can survive 
m the soil The maggot, therefoie, may pick up the bactena 



Flu 72 —Eggs of the seed-corn maggot on, and m the soil near potato seed 
pieces Photographed 3 dajs after planting 


fiom the egg shells, fiom the soil, 01 peihaps from the suiface 
of contaminated seed pieces The maggot thus acts as a ^ ery 
effects e agent of inoculation By the continued bun owing of 
the maggot, any tendency of the tissues to foim wound coik is 
thoioughly oveieome 

No effective method of conti oiling these insects is known, 
although ceitam cultmal piactices may i educe the damage done 
by them (Leach 1931a and Bonde 19306) Bonde (19306, 19396) 
has shown that the young maggots aie attiacted to small super¬ 
ficial bacterial lesions on the cut surface of potato seed pieces and 
that they become established through such lesions more easily 
than through a sound w T ell-subenzed surface These lesions aie 
usually caused by nonpathogeme or very weakly pathogenic 
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bacteria that aie not capable of causing a geneial neciosis of the 
seed pieces or blackleg 

After 2 or 3 weeks’ development m the seed pieces, the maggots 
reach then maximum size of about 7 to 8 mm They then leave 
the seed piece, entei the soil, and pupate In the meantime, the 
seed piece is usually completely decayed, and the bacteria aie 
mvadmg the stems of the plants, pioducmg typical symptoms of 
blackleg Pupation is usually well under way by the time the 
first aboveground symptoms appear The pupana aie about 

}i inch m length and somewhat 
oval m shape (Fig 71e) They 
vaiy fiom light biown to daik 
reddish brown according to age 
The duration of the pupal stage 
vanes from 7 to 14 days m summer 
There aie usually two bioods of 
the insect on potatoes The first 
biood is the moie impoitant m its 
ielation to blackleg, for the eggs aie 
deposited neai seed pieces oi young 
potato plants The second biood 
usually deposits its eggs neai oi on 
the stems of plants alieady affected 
with blackleg The maggots of the 
second brood may fiequently be 
found m the stems of blackleg plants, while the maggots of the 
first brood aie confined chiefly to the seed pieces 

The symbiotic relationships between bactena and the seed- 
coin maggot have been studied by Leach (19316, 1933) It was 
found that the noimal bactenal flora of the intestinal tract of both 
the larvae and the adult flies is made up of seveial moiphologi- 
cally and physiologically similai species of bactena The most 
common bacteria aie species closely resembling Pseudomonas 
fluoresense Migula and Ps nonhquefaciens Beigey et al Erwima 
caiotovora is fiequently but not always present These species 
are regularly passed uninjured thiough the intestinal tracts of 
both larvae and flies It was shown, also, that these bacteria 
may sui vive m the pupai ra and emei ge with the adult fly In the 
imago, certam species ingested wnth the food are destroyed and 
digested while certain others are uninjured Some of these 



Fig 73 —Two larvae of the seed- 
corn maggot showing the effect of 
bacteria on grovth Both larvae 
are the same age and v ei e hatched 
fiom surface-sterilized eggs The 
small one on the nght tv as grown 
for 12 days on a sterile potato plug 
The larger one vas grown on a 
similar potato plug infected with 
bactena lJ^X 
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actively giov and multiply m the intestinal tract In neithei 
larva noi imago aie the bactena hai bored m special oigans such 
as those descubed by Petri (1910) and Stammer (1929) m Dacus 
oleae and othei Trypetidae 

Nututional studies (Leach 1926, 19316, Huff 1928) indicate 
that the bactena aid the development of the larvae by tians- 
foimmg the plant tissues into a foim moie leadily assimilated 
The laivae do not develop noimally on steule potato tubeis 
oi on stenlized bean seed but will glow normally if these aie 
contaminated with the bacteria usually associated with the 



Fig 74 —A sketch of a pupanum of the seed-corn maggot showing the pupa 
in perspective, and the x anous en\ eloping lasers in section a pupanum shell, 
b piepupal cuticle c pupal cuticle d pupa, e, extruded lining of fore-intestme 
of lar\ a / extruded lining of larv al hind-intestme Approx 35 X 

insect (Fig 73) They glow noimally on seeds that have been 
partly decayed by bacteria and then sterilized by heat The 
larvae will glow slovly and pupate also on steule geimmatmg 
bean seed, indicating that the bactena, as such, aie not essential 
but that they aie needed vhen the laivae aie feeding on non- 
geinnnatmg plant tissues The specific changes that aie 
essential foi the utilization of plant tissues by the laivae aie 
not known This pioblem should be investigated fuithei with 
suitably refined techniques 

Leach (1933) has shown that the bactena survive m thiee 
different locations in the pupanum m the cast-out linings of 
the foie-mtestme, in the cast-out linings of the hind-intestme, 
and m the lumen of the mid-mtestme of the pupae (Fig 74) 
The bacteria that smvive m the fiist tvo localities aie those 
that happen to be m the foie- and hind-intestines at the time oi 
pupation and may be of several different kinds Those sur¬ 
viving m the mid-intestine aie reduced to lelatively small 
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numbers during histolysis but increase lapidly ]ust befoie the 
emeigence of the fly fiom the pupanum (Figs 75, 76, and 77) 
There seems to be a selective action on the bactena suivmng 
m the mid-intestine that is not opeiative on those suiviving 
m the cast-off linings of the fore- and hmd-mtesfines Those 
suiviving m the mid-mtestme appeal to be of one kind The 
specific identity of the bactena suiviving m the mid-intestine 
has been determined m only a few cases, m all of which a single 
species of a nonpathogemc bactenum lesembhng, but not 
identical with Ps fluoresence, was found 



Fig 75—4 section through the mid-intestine of a seed-coin maggot lari a 
m early stages of pupation showing the contracted lumen and the cast-off epi 
thelial cells Practically all the food matenal has been eliminated, and only a few 
bactena remain 


Insect inoculation and direct infection fiom the soil constitute 
two sources of infection that may lesult m seveie outbieaks of 
blackleg without regaid to the souice of the seed stock Nevei- 
theless, the disease may be transmitted thiough infected seed 
pieces, and this source of infection should not be disregarded 
When a plant becomes affected wnth blackleg late m the season 
and is not killed until aftei tubeis have formed, it is frequently 
found that the decay has extended thiough the stolons and has 
entered the tubers thiough the stem end Such tubers usually 
are not completely decayed but remain sound with the exception 
of a slight depression at the stem end and a browning of the 
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Fig 7b —4 camera lucida sketch from a stained slide showing the contents of 
the mid intestine of a pupa of the seed com maggot a the embryonic cells of 
the new mid-mtestme all b the epithelial cells 01 the old larval mid-intestine 
being sloughed c li\mg bacterial cells 4ppio\ 250 X 



Fig 77—4. eamera-lueida sketch from a stamed slide showing a section of 
the hmd-mtestme of a ire&hb emerged imago of the seed-corn maggot a wall 
oi hmd-mtestme b residue of disintegrated epithelial cells c the bacteria which 
ha\e survrved through metamorphosis and are multiplying on the dismtegi ated 
epithelial cells kpprox 250 X 
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vasculai bundles loi some distance beyond Expenments 
have shown that the baetena may live ovei m tubeis infected 
m this way, and such tubeis fiequcntly give use to blackleg 
plants Tubeis infected m this mannei appeal to be less effective 
m walling off the bacteria than those inoculated thiough the 
cut surface at planting time Evpenments have shown that 
only a relatively small peicentage (10 to 15 pei cent) of such 
stem-end infected tubers are likely to produce blackleg plants 
Therefore, w r hen we considei the number of tubeis likely to be 
infected m this w r ay m a given lot of seed tubeis, it appears 
extremely unlikely that this souice of infection could lesult m 
more than a very small percentage of the infection fiequently 
found m potato fields 

Soft Rot of Crucifers and the Cabbage Maggot —Ciucifeis, 
m common wnth many othei plants, aie subject to bacterial 
soft rot The disease is very commonly associated with the 
attacks of the cabbage maggot (.Hylemyia brassicae Bouche) 
Entomologists have frequently mentioned decay of the tissues 
following maggot mjuiy, but the significance of the association 
was not known until demonstrated by Johnson (1940) and Bonde 
(1930a), w T ho proved that the insect was a common vector of 
the soft-i ot bacteria 

Soft lot may affect different species of ciucifeis m seveial 
different w T ays One of the most common and most destructive 
manifestations of the disease is the so-called “stump rot” of 
cabbage, a decay affecting plants that have started to “head 
out ” The decay originates m the stem but eventually spreads 
into the base of the head The first noticeable symptoms 
usually consist m a waiting of the outer leaves and a cessation of 
giowth When viewed casually, the head may appear healthy, 
but fmthei examination will reveal that the mteiioi of the stem 
is decayed and that the head can be sepaiated readily fiom the 
stem, leaving a lotted stump 

This infection practically always originates at the point of 
maggot attack This may be below' ground, m wdneh case 
the decay follows the tender tissues of the pith inside the hard 
vascular ring and may escape observation until the base of the 
head is thoroughly decayed In other cases, the decay may 
originate at the base of the older leaves where the later broods 
of flies frequently deposit their eggs Maggot attack does not 
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always lesult m stump rot In many cases, the decay is con¬ 
fined to the succulent tissue of the cortex outside the hard 
ligmfied vascular cylinder, and the tissues soon heal 

The symbiotic relations between the bacteria and the insect 
seem to be essentially the same as those described for the seed- 
corn maggot This insect has been mentioned also as a possible 
vector of Phytomonas campesti is (Pammel) Bergey et al , the 
cause of the black lot of cabbage, but adequate proof is lacking 
Heait Rot of Celery —Bacterial soft rot caused by Erwima 
carotovoia (Jones) Bergey et al is destructive on celery chiefly 
as a heart rot Heait rot was fust recognized and adequately 
described by Wormald (1914, 1917) Soft lot may affect any 
part of the celery plant but on the older, outer leaves it is of 
little significance because these are discarded before the celery 
is packed for market But when the heait leaves are affected, 
the central bud is destroyed, the stem elongates, and the plants 
become unmarketable (Fig 78) Heart rot should not be con¬ 
fused with blackheart, a nonpaiasitic disease, which sometimes 
may be followed by soft rot (Foster 1934) 

Weather conditions have a profound influence on the develop¬ 
ment of heart rot The influence, howevei, is contrary to that 
generally prevading for the disease on othei plants Destructive 
outbreaks of celeiy heart rot occur only m hot dry weather, 
whereas soft lot of most other plants is favored by larny weathei 
and high humidity The explanation of tins apparent anomaly 
is found m the dependence of the disease upon the activity o t 
certain dipterous insects Two species of leaf-mining Dipteia 
(.Scaptomyza giammum Fall and Elachipteia costata Leow ) 
aie vectors of the disease (Leach 1927) 

These insects deposit their eggs on the leaves ot the celeiv 
and the young larvae burrow into the leaves The soft-iot 
infection starts at the point of entrance of the larvae The 
insects normally deposit then eggs m places wheie the relative 
humidity is high, and when the eggs hatch the larvae search 
for a moist place Observations show^ that they penetrate the 
leaf most often where there is fiee watei on the leaf surface 
In moist weather, nearly all the eggs aie deposited on the older 
outer leaves These leaves are more resistant to decay and 
if decay does result the outer leaves may be destroyed with no 
appreciable loss to the grower In dry weather, the insects 
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deposit then eggs on the mnei heait leaves wheie the humidity 
is always high even m the wannest weathci The succulent 
heait leaves aie veiy susceptible, and the decay develops lapidly 
until the teimmal bud is killed and the plant is a total loss 
This disease is pievalent m Gieat Biitam, and the association 



Fig /S A celerj plant affected with heart rot caused b> Erwznia carotovora 
and transmitted bj Dipteious insects, the most important of which ai eScaptomyza 
grammum and ELachiptera costata 


between S grammum and the soft-rot bactena has been con¬ 
firmed by Ogilvie, Mulligan, and Biian (1935) The course of 
the bacteria m the bodies of these insects has not been studied 
It is assumed that the association is somewhat similai to that 
of the seed-corn maggot, but the facts must await investigation 
Richardson (1938) has shown that the tarnished plant bug 
(Lygus pratensis L ) also may serve as an agent of inoculation for 
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celeiy heait lot The insects were allowed to feed on celery 
plants that had been sprayed with a w ater suspension of Erwima 
caiotovora and incubated m high humidity Under these condi¬ 
tions, infection occuned m the feeding punctures within 48 houis 
Contiol plants tieated m the same way but not subjected to the 
insects remained healthy except wiiere aitificial wounds were 
piesent Since plants sprayed with sterile water and subjected 
to the insects remained healthy, one would conclude that under 
natuial conditions the tarnished plant bug w r ould be less effective 
as a vectoi than the Dipterous insects 

Bacterial Wilt of Cucurbits —Cucurbit wilt was first descnbed 
by Erwin F Smith m 1893 It is confined to the family Cucur- 



Fig 79—A squash plant affected Tvith bacterial tv lit, a disease transmitted m 
natui e onlj b> t^v o species of cucumber beetle 


bitaceae but apparently does not affect all membeis of the family 
Cucumbers are most fiequently affected, followed m ordei ot 
susceptibility by cantaloupes, summei squash, wuntei squash, 
and pumpkins Wateimelons are said to be immune or 'leiy 
highly lesistant Bacterial wilt is widespread throughout the 
eastern pait of the United States and has been reported horn 
Europe, South Africa, and Japan Its prevalence vanes fiom 
year to year, and it is often very destructive killing more than 
half the plants m some fields Affected plants droop as from the 
lack of wmter (Fig 79) One or more runners may wait depending 
upon the point of inoculation In early stages of infection the 
plants may droop during mid-day and revive over night only to 
dioop more severely the next day and collapse completely 
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Bactenal wilt is caused by Erwima tracheiplula (Eiw Smith) 
Winslow etal } a white, viscid, capsulate bacillus The pathogen 
is a stnct vasculai paiasite, being confined almost entnely to 
the vasculai bundles of affected stems The white viscid mass 
of bacteria that exudes fiom the vasculai bundles, when an 



Fig SO—V cross section of a cucumbei stem infected with bacterial wilt 
showing the spiral \ essels occluded by masses of Erwima tracheiphila Approx 
12 X ( Photograph courtesy Bureau of Plant Industry , U S Department of 
Agriculture ) 

infected stem is cut, is the best diagnostic symptom of the disease 
Wilting is caused largely by occlusion of the tiacheal tubes 
(Fig 80) 

E F Smith m 1911 expressed belief that the disease is dis¬ 
seminated by insects, especially the striped cucumbei beetle 
([Diabrotica vittata Fabr ) (Fig 81) The first experimental proof 
was submitted m 1915 by Rand, who incriminated also the 
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twelve-spotted cucumbei beetle (D duodecimpunctata Oliv) 
(Fig 82) These two insects aie the only known vectois of the 
disease, and no othei natrnal means of spiead has been lepoited 
Rand and Enlows (1916) have shown by caieful expenment 
that infection does not come thiough soil oi seed and that the 
following insects aie not vectois the squash bug (Anasa tnstis 
DeG), the squash ladybnd (.Epilachna borealis Fabi ), the melon 
aphis (Aphis gossypn Glov), the honeybee (Apis melhfera L ) 
and the potato flea beetle (Epitrix 
cucumens Hams) 

Rand and Enlows (1916, 1920) and 
Rand and Cash (1920) have shown that 
infection does not oecui thiough the 
stomata and that w ounds invoking the 
vasculai bundles aie most effective as 
infection couits These authoxs have 
made extensive studies of the i elation 
of insects to the disease, and most of 
the available mfoimation is fiom then 
w’oik They hate shown that the 
insects seive not only a^ agents of dis¬ 
semination and inoculation but that the 
adult beetle of D vittata (the most 
common of the two beetles on cucuibits) 
may haiboi the pathogen ovei winter m its body Pnmaiy 
infection m the spimg always ongmates fiom the feeding pune- 
tuies of such ovenvmteied beetles Not all beetles haiboi the 
pathogen It was lecoveied expennientally fiom a relatively 
small peicentage of the ovenvmteied beetles tested, but only a 
small numbei wmuld be necessaiy to establish centexs of imection 
foi secondaiy spiead Confiimatoxy evidence of tins method ot 
ot eiwmteiing has been furnished by Doolittle (1921) 

The life of the bactenum m the insect body has not been 
studied m detail by histological methods, and it is not known 
w T hethei any symbiotic lelationship exists Howevei, Rand and 
Enlows (1920) have shown that the bactena pass umnjuied 
through the intestinal tiaet of the beetles and may be lecoveied 
from the feces Rand and Cash (1920) ha\e demonstiated 
expeirmentally that the feces fiom infective beetles may sei\e 
as effective inoculum only if they are dropped into a fiesh feeding 


l 

Fig SI —The striped cu¬ 
cumber beetle (Diabrotica 
zittaia Fabr ), the principal 
\ectoi of bactenal wilt oi 
cucurbits a, adult beetle 
b, lar\ a Appro\ 5 X 
(After Chittenden ) 
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wound Observations indicate that such contaminated feces 
may be impoitant as inoculum at night when the plants aie 
covered with dew or m rainy weathei 

The possible association of the pathogen with the laivae of the 
beetles has not been investigated adequately Since the larvae 
commonly feed on the roots and make wounds m the vasculai 
system, it is entirely possible that they also may be vectois of 
the disease When laivae feec on infected plants, they m all 
probability ingest the pathogen, but the laivae usually do not 
migrate from plant to plant The fate of these bactena m the 



Fig 82 —The spotted cucumber beetle (Diabrotica duodecmpunctata ), a \ectoi 
of bacterial wilt of cucurbits The larva of this insect is also an important 
\ector of the bacterial wilt of corn a , adult, 6, egg, c, laiva, d, work of lai\a 
at base of a corn stalk, e, pupa (After Chittenden) 


intestinal tract of the laiva should be deteimined It should be 
known whethei the bactena survive through the pupal stage and 
appear m the body of the emerging adult 
Bactenal Wilt of Com (Stewart’s Disease) —The bacterial wilt 
of com was descnbed m 1897 by Stewart, who had first observed 
it on Long Island, N Y , m 1895 It is primarily a disease of 
sweet corn, although field corn, teosmte (Euchlaena mezicana ), 
and Tri'psacum dadyloides are known to be susceptible Wilt is 
caused by a yellow, nonmotile bactenum [Phytomonas stewaiti 
(Erw Smith) Bergey et al ] Ivanoff (1933, 1935) has reported 
that other bacteria may cause symptoms similar to those caused 
by this organism This species is, however, the most prevalent 
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and the most important The pathogen is primarily a vascular 
paiasite although other tissues are often affected Long, gieen- 
lsh-yellow lesions following the veins are formed on the leaves 
(Fig 83) These latei turn brown and dry The entire plant 
eventually wilts and may die m any stage of development (Fig 
84) The yellow r bacterial exudate that comes from the vascular 
bundles v r hen the stalk is cut m cross section is an important 
diagnostic symptom (Fig 85) 

Wilt is known only m North America and is most pievalent 
m the eastern and southern part of the Umted States The 
disease occuired only spoiadically m the years following its 



Fig S3 —A corn leaf showing wilt lesions that originated at the feeding 
wounds made by the coin flea beetle Note the tendency of the lesions to follow 
the couise of the \eins (After Elliott) 

discoveiy, but m 1932 and 1933 it became epiphytotic throughout 
the southeast section of the com belt In these yeais, the 
disease w as very destructive, especially on the early vaneties of 
bweet com, and numeious lepoits of 100 per cent losses were 
lecoided Renewed inteiest in the disease has led to the dis¬ 
coveiy of new T and impoitant facts, especially concerning the 
ielation of insects to its spiead and development 
The early woik of Stew ait (1897) and Smith (1914) led 
them to believe that the disease w’as primarily seed-borne, 
although infection on aboveground parts w T as recognized Natu¬ 
ral internal infection as well as suiface contamination of seed 
pioduced on infected plants was demonstrated by Smith (1914), 
and it was assumed that the amount of seed infection would 
determine the amount of disease m a given ciop, although the 
possibility of direct infection from infested soil wras not over¬ 
looked Rand and Cash (1921) could find no evidence of mfec- 
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tion from the soil, and smnlai lesults weie lepoited m the same 
yeat by Reddy (1921) Rand and Cash noted also that infected 
seed when planted in diffeient legions and at diffeient times 
ga\e widely diffenng amounts of disease, indicating some 
unknown souice of infection 



Fig 84—Young corn plants affected with bactenal wilt The two centei 
plants are heavil} infected and partly wilted The plant on the e\tieme left is 
lightly infected, and the one on the light is healthy 


The fiist proof of insect dissemination of the disease was 
piesented by Rand (1923) By means of cage expenments, he 
demonstiated that the biassy flea beetle (Chaetocnema puheana 
Melsh) was lesponsible foi secondaiy spiead of wilt in mid- 
summei (Fig 86) In 1924, Rand and Cash presented moie 
data and proved that the toothed flea beetle (C denticulata Ill) 
also is a vectoi In addition, they piesented cncumstantial 
evidence as a basis for the hypothesis that “the early seasonal 
incidence of the disease is due laigely to the mtioduction of the 
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bactenal paiasites by insects woikmg at the loots 01 base of 
the stems ” They concluded that the probabilities weie strongly 
m favor of pnmaiy infection being induced by the wounds made 
by the southern com rootwoim f Diabiotica duodecimpunctata 
Oliv ) (Fig 82) A moie complete lepoit w as published by Rand 
and Cash m 1933 m which this hypothesis was verified by expen- 
mental evidence 

The discovery and recognition of the association of flea beetles 
with bactenal wilt piobably explains the unusually severe type 
of injury often attubuted to these insects of com Foibes (1905) 
lepoits the waiting of com plants attacked by flea beetles m 



Fig So—A cross section through a corn stem affected with bacterial wilt 
showing the bacteria oozing from infected vascular bundles 6\ {Courtesy 
of Bureau of Plant Industry , V S Department of Agriculture i 


Illinois in 1891, and Metcalf and Flint (1928) descube flea- 
beetle injury on com as follows £ ‘Growth is letaided and the 
leaves wilt even dining wet weather 55 In all probability, 
bacterial wait was present on these plants but was not recognized 

Ivanoff (1^33) showed that, although the pathogenic bacteria 
were earned in the chalazal tissues of infected seed the embryo 
w r as not infected and the seedlings would not become infected 
fiom this source unless wounded Infection followed injury of 
the roots of seedlings by white grubs (.Phyllophaga spp ) and the 
larvae of the western coin lootwmrm (Diabrotica longicoims Say) 
and by artificial injury 

Elliott and Poos (1934) demonstrated that the pathogen com¬ 
monly survives the winter m the intestinal tracts of the brassy 
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flea beetle {C puhcana Melsh) Ovei wintered adults caught 
m Apnl were found to have large quantities of the pathogenic 
bacteria m their intestinal tiacts, and when beetles fiom the same 
collection weie allowed to feed on healthy com plants m the 
greenhouse, typical wilt was pioduced Appioximately 19 pci 
cent of the beetles studied were found to cany the pathogen, but 
this species was the only one of a large numbei of insects tested 
that harbored the bacteria The histological details of the sur¬ 
vival m the body of the insect have not been reported The 
importance of insects m the epiphytology of 
wilt has been discussed m considerable detail 
by Elliott (1935) 

Frutchey (1936) has demonstrated that the 
seed-corn maggot [Hylemyia cilia w a (Rond)] 
(Fig 71) also may play an impoitant role m 
the development of the disease The larvae 
of this insect were found m a laige numbei of 
flj" beetle - JcLZc- diseased plants in the field When adult flies 
nemapuhcana) Ap- were caged on com plants, eggs weie depos¬ 
it is°the principal lte d, and the laivae attacked the loots and 
\ector of the bacterial crown of the plants Sixty-seven out of 93 

bactena causmg the P lants > or 72 P el Cent, became mfected With 
wilt live o\er wmtei wilt, and eveiy wilted plant showed maggot 

natmg beetles (From m f ur y 0nl y an occasional wilted plant was 
Illinois State Natural found in the controls This experiment, 
History Survey ) however, does not prove w r hethei the insect is 
a vector or merely an agent of mgi ession The mer e wounding of 
the plants m the presence of the pathogen would account foi the 
observed results In view of the importance of this insect m the 
development of the bacterial soft rots and its know n symbiotic 
relations with bacteria (Leach 19316,1933), its lole m the develop¬ 
ment of this disease should be more thoroughly investigated 
Further study of the association of all these insects with the 
bacteria is needed The bactena aie known to live foi some time 
within the body of the adult beetles of the southern com root- 
woim (D duodecimpunctata), but Rand and Cash (1933) think 
this insect is of less importance m the spread of midsummer 
infection than the flea beetles It is known that the laivae make 
the wounds necessary for infection through the base of the plants, 
but their significance m dissemination of the pathogen is not 
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know n In view of the fact that bacteria are known to survive 
thiough pupation m some insects and in some cases are dis¬ 
seminated on 01 m the eggs, it is of vital importance that these 
i elationships be studied m detail 

Stevens (1933, 1934, 1937) has discussed the relation of wmtei 
tempeiatuies to the abundance of com wilt the following summei, 
pointing out that the disease appeals to be worse following mild 
winteis If it can be shown that theie is a direct and consistent 
ielationship between winter tempeiatuies and the prevalence of 
the disease m the following summei, it would provide a reliable 
means of predicting epiphytotics and avoiding losses Since 
theie appeals to be no direct influence of winter temperatures on 
the disease, its indirect influence on the prevalence of insects 
which haiboi the disease over wmtei, and on which the bacteria 
depend for mgiession, appears to be a probable explanation 
More complete information however, is necessary" before this 
can be accepted as the tiue explanation Support for this theory 
is found m the observations reported by Elliott (193S) m which 
the prevalence of the disease m the noitheastem states m 1938 
was closely correlated with the prevalence of the flea beetle 
{C puhcano ) In this year, the prevalence of the disease 
incieased rapidly m early summei but decieased strikingly m 
late summer The beetles also weie abundant until the middle 
of July but decreased lapidly until very few could be found m 
late August 

Haenseler (1937) made a similai stud/ of the disease based on 
records from 1910 to 1937 m New Jersey He confirmed Steven’s 
conclusions m general but expressed the belief that the relation¬ 
ship w r as not so simple that reliable predictions could be made 
without further study He showed there was evidence of a lag 
period following a severe winter before the full effect is felt A 
similar lag period following a mild winter indicated that more 
than one year was necessary for building up the disease to epiphy- 
totic prevalence It should also Ire recalled that insect parasites 
and other factors may influence the pietalence of the vectors ot 
wilt 

Wellhausen (1937) has demonstrated a modification of the 
virulence of the wait pathogen as a result of passage tiirough 
suscepts of differing degrees of resistance the strain becoming 
less virulent after passage thiough very susceptible hosts It 
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was suggested that this phenomenon might influence the epi- 
phytology of the disease The mtioduction of wilt-iesistant 
varieties of sweet com is contilbutmg much to the piactical 
conti ol of the disease (G M Smith 1933, Ivanoff and Riker 
1936), and the vanety Golden Cioss Bantam and othei lesistant 
hybnds aie rapidly leplacmg the more susceptible varieties 
(Stevens 1937) 

Olive Knot —The olive is subject to a bacterial disease causing 
“knots,” oi galls, on the branches of the tree (Fig 87) The 



Fig S7 —Olrve knot caused by Phytomonas savastanoi A, a heavily infected 
tiee, B , a single small branch with se\en knots (After TT ilson ) 


disease is prevalent m Italy and other countries of southern 
Europe and has been known m California since 1898 (Wilson 
1935) Olive knot is caused by Phytomonas savastanoi (En\ 
Smith) Bergey et al Infection is known to occur commonly 
thiough wounds made by freezing, pruning operations, or othei 
agencies and also through leaf scars (Horne, Parker, and Dames 
1912 , Wilson 1935) Ram water appears to be the pnncipal 
agent of inoculation m California and probably elsewhere, 
but Petri (1909, 1910) has reported that m Italy the disease 
is closely associated with the olive fly (Dacus oleae Rossi) He 
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has described a highly developed symbiotic lelationship between 
D oleae and ceitam species of bactena These bacteria are 
constantly found m the intestinal tract of the insect in all stages 
of development The bactena aie transmitted internally 
thi ough the egg and survive m the pupanum Striking anatomi¬ 
cal modifications aie found m the insect i\hich ensure perpetua¬ 
tion of the bactena through successive generations Among 
the bacteria frequently occurring as a symbiote is a nonpatho- 
gemc species (Ascobacterium luteum) but according to Petri 




a b c 

Fig SS — a, the antenoi portion of the mid-mtestme of the la\ a of Dacu « 
oleae , in peispectre showing the caeca filled with bacteria b the same as seen 
in section c a longitudinal section of the head of an imago of Dacus oleae showing 
the bulbous di\ertieulum off the esophagus During metamorphosis, the bac¬ 
teria from the intestinal tract accumulate in this organ from which the entire 
intestinal tract is later recontammated (After Petri) 


the olive-knot pathogen also is usually present Although it is 
difficult to isolate m pine culture directly from the insect its 
piesence can be demonstrated by inoculating olive branches 
with the mixed cultures The histological aspects of this symbi¬ 
otic association have been verified by Stammer (1929) who also 
has described m other species of Trypetidae a series of symbiotic 
relationships wnth anatomical adaptations of various degrees ot 
complexity 

Because of the highly developed symbiotic relationship pic¬ 
tured here, the association wall be described m some detail 
The principal features have been graphically illustrated by Petri 
as shown m Figs 88, 89, and 90 Petri has demonstrated that 




I 1 12 IXSECT TPAXSMISSIOX OF PLAXT DISEASES 

the nre-mmi nac* of the fh i- constantly contaminated with the 
bacteria, -omr uf vhich pa^ out uninjuxed m the fece^ In the 
female fly, tne anal tiact and the vagina unite at then postexior 
end to fomn a common opening to the evtenoi / Fig- 89 and 90) 
In the vvah of the anal tiact near the point oi union, theie aie a 
number of sachke evaginauons that open into the lumen The^e 




Fi<ur S9 — Tne o* pos tor o* Daevs oleae y a sector of clue knot showing the 
'i ia‘oru csLi ad aot v *n. :o r ro^gemtal transmission of bacteria a, a longitudinal 
sect on o* T ne c pus T o” siion^g the romiron opening of the v agina and ‘he anal 
t r act ancl ‘he sarnie evag-^at ons oi the anal nact m vihich the bactena are 
found 5 a cross &e ‘ cm o the ovipositor showing the longitudinal slit connecting 
the anal *ra»1 and me o v iur ♦ tne eggs on passing out press against the pockets 
a^d become smeared vn+i bac+era* c , a section through the mieiop>le of an egg 
through v^iuen the bacte** a ewer the egg to infect T he embryo (Ajte r Petn ) 


are always Med with bactena Immediately opposite the open¬ 
ing of the evagmation* theie 1=! a longitudinal slit m the mem¬ 
brane, separating the anal tiact from the oviduct 'When the 
egg^ pa^s along the vagina this slit is spiead open so that the 
surface of the egg is preyed against the openings of the bacteria- 
filled evagmations In this way the bactena aie smeared over 
the surface of the egg 
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Petn has shown that the baetena find then way through the 
nnciopylai openings into the mtenoi of the eggs and into the 
body of the developing embryos (Fig 89c) The laitae aie, 
there!oxe always internally contaminated with the baetena 
befoie they hatch fiom the egg Neai the foie pait of the mid- 
intestine of the laxva aie four spherical caeca that haiboi the 
baetena (Figs 88a and 6) which maybe found dntiibiited thiough- 



mm 
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Fig 90 — \ diagrammatic sketch showing how the ega> Dacti* 
deposited and how the Issues o f the plant a>-e not iHttd w^h pjll t 
egg, b, sachke e\aginations of the anal t^act filled with bn tena t dot 
of esophagus filled with baetena (After Petri \ 


out the contents of the intestinal tiact When the laiva pupates 
the bacteria decrease m number but do not entnely dnappeai, 
for when the fly emeiges fiom the puparium, it is always ixitei- 
nally contammated A peculiar sphencal diveiticulum is devel¬ 
oped off the esophagus just m front of the biam of the pupa 
(Fig 88c) This diverticulum soon becomes filled with the 
bacteria Shoitly after the imago emerges from the pupanum, 
the entire intestinal tiact, including the anal sacs becomes 
contaminated from this reservoir By this specialized adapta- 
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tion, the peipetuation of the symbiotic bacteria is ensmed 
The bactena aie nisei ted into the rounds made m oviposition 
(Fig 90), and accoidmg to Petn such wounds aie infection courts 
foi much ot the olive knot in Italy In Califorma, wheie this 
insect does not occui, the bactena depend chiefly on wind-blown 
xam for spreading fiom tree to tiee, and the late of spread from a 
center of infection is relatively slow (Wilson 1935) It is entnely 
piobable that the spread would be more rapid if the insect were 
piesent 

Sta mm er (1929) has shown by histological studies that many 
species of Tiypetidae haiboi symbiotic bacteria It has been 
shown (Allen and Rikei 1932) that the Tiypetid apple maggot 



Fig 91 —The apple maggot fly ( Rhogohtis pomonella) A , adult female, B, egg, 
C, larva, D, puparum ( After Allen , PmcLard, and Riker ) 

1 Rhagoleiis pomonella Walsh) is aregulai vectoi of a bactenal lot 
of apples and that theie is a close symbiotic association between 
the inject and the pathogemc bactena Whenevei a i epi esenta- 
tive ot this group of insects is found associated with a bactenal 
disease, it should be consideied as a potential vectoi 
Bactenal Rot of Apples and the Apple Maggot—Although 
many people have obseived that a decay ol apples oiten toll owed 
integration by the apple maggot ( Rhagohtis pomonella Walsh) 
iFig 91) no paiticulai significance was attached to the associa¬ 
tion It v as generally assumed that the breakdown of the 
tissue ;Fig 92) was due to the activity of the maggots alone oi to 
chance entrance of pathogens thiough the wounds made by the 
insects Allen 1 1931) repotted that the decay associated with 
maggot injury was caused by bactena and suggested that they 
were disseminated by the adult flies Allen and Riker (1932) 
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published a moie complete account of the decay, descubed the 
pathogen, and named it Phytomonas melophthora In 1934, 
Allen Pmekaid, and Rikei descubed m consideiable detail the 
association of the bactena with the vanous stages of the life cycle 
of the apple maggot 

The female fly deposits hei eggs m the apple fruit by making 
a punctuie thiough the epidez mis with hei shaip pointed ovi- 
positoi (Fig 93) The eggs hatch m 2 to 9 days, the larvae 
tunnel thiough the flesh of the apple and aided by the bacteria 



Fig 92 —Apples shoeing decay associated with larv al tunnels o the apple 
maggot The decay is caused by Phytomonas melophthora and is transmitted 
exclusively by the apple maggot A suriace view showing decav originating at 
oviposition punctures (h), B , section showing internal decav and larv al activity 
(After Allen and Riker , and Allen, Pinckard, and Riker ) 


"with w T hich they inoculate the apple, soon rendei the fruit woith- 
less The length of the laival period varies irom 2 oi 3 weeks to 
seveial months The rate of development is slowei m gieen 
apples than m upe ones When the maggots aie matin e, they 
leave the apples and enter the ground to pupate The insect 
lives ovei wintei m the pupal stage and emexges the following 
summer 

The bactena are found associated, externally and internally 
with both male and female flies They also weie isolated in 
about 50 per cent of the tnals from opposition punctures and 
equally as often from the surface of egg< lemoved fiom apple 
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tissue Two laivae that hatched fiom suiface-steiilized eggs 
weie stenle, a fact indicating that the bactena do not occm inside 
the egg but that they have ample oppoitumtv of becoming 
contaminated by the bactena borne on the suiface of the egg^ 

The tissue ol gi een apples appeal s 
to be lesistant to the bacteria, 
which cause veiy little decay 
befoie the fimt begins to npen 



Fig 93 —The ovipositor of the 
ipple rniggot fly partly extended 
a end of abdomen, b tip 01 ovi¬ 
positor By means oi this sharp 
pointed struct lire the fl\ punctures 
the apple tissue and mse ts an egg, 
at the same time inoculating the 
apple tissue with pathogenic bac¬ 
tena earned on the suriace ot the 
egg 23 X I -ifttr A?'tr> , Pinck- 
ard , and Ri /1 r 1 


Fig 94—4 section through the 
head of an apple maggot showing, 
among other stiuctures the ‘ oeso¬ 
phageal bulb ’ (OES B ) Its func¬ 
tion is not known, although a simi¬ 
lar structure m the oh\ e flj (Daevs 
oleae) harbors symbiotic bacteria 
during metamoiphosis PT ptili- 
num, BR brain, OES, oesophagus, 
PH pharvnx SLD , sain ary duct, 
MTH, mouth, LBGL , labial gland 
(Afte" Dean ) 


The development of the !ar\ae may be dependent upon the 
bacterial growth, foi the maggots appeal to piefei the decayed 
tissue Two ^+enle maggots failed to live m apple tissue, while 
maggots from nomtenlized eggs grew and pupated normally 
Xo further studies on the nutritional significance of the bactena 
have been repoited 

Bactena were not isolated from the intenor of the pupana 
although they were abundant on its surface It was mentioned 
that considerable difficulty m isolation of the pathogen was 
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caused by contaminating bacteria In view of the frequency 
of the survival of bactena m the pupana of othei Dipteia (Stam- 
mei 1929, Leach 1933, Aik and Thomas 1936J t it w ould appeal 
that this aspect of the association needs further investigation 
No histological studies veie lepoited by Allen, Pmckaid, and 
Hiker, but Dean (1933 1935) has lepoited on ceitam phases of 
the moiphology and anatomy of the apple maggot Theie aie 



Op 
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Fig 95 —Cross section of the ovipositor of the apple maggot fij at four points 
near the posterior end, shotting the union of rectum and \ agina a , the most 
antenor section showing the rectum (RECi and \ agina (VAG) separate Note the 
numerous deverticula m the epithelium (EPITH) of the iectum, f>, a more posterior 
section showing the rectu n and vagina beginning to unite, c, the rectum and 
\ agina completely united into a common cloacal passage ( CLO ), d, tne external 
opening of the cloaca (O p ) Approx 200 X (After Dean ) 

certain points of sinnlaiity m the anatomy of this insect with that 
of Dacus oleae which aie significant A peculiar evagmation of 
the esophagus similar m all respects to that desenbed m D oleae 
by Petri (1909, 1910) was leported by Dean (Fig 94) who 
apparently was not familiar with the woik of Petri and made no 
attempt to deteimine the function ot this structuie which he 
called the “esophageal bulb ” It should be determined whethei 
or not the bacteria that survive thiough metamoi phosis occupy 
this organ as they do m D oleae 
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Theie a3>o is a staking similanty m structure of the ovipositoi 
and anal tiact of the two insect? Dean lepoited that the rectum 
and vagina of the apple-maggot fly unite to foim a common 
passage His illustrations show the same type of evagmations 
of the anal tract to foirn numerous sacs similar to those described 
with respect to D oleae by Petn although no special mention is 
made of them (Fig 95) A closei study of these structures with 
particular reference to then association with symbiotic bacteria 
should be made In all probability it will be found that the 
pathogenic bacteria are transmitted on or m the egg as m D oleae 
Gummosis of Sugar Cane—One of the more destructive 
diseases of sugar cane is that known as “gumming” or “gum¬ 
mosis ” It is caused by a bactenum [Phytomonas vascularum 
(Cobb) Bergey et a! ] that develops pnmaiily as a vasculai para¬ 
site causing copius exudates of a sticky gum, a chaiactenstic 
that is responsible ioi the name of the disease The disease has 
been known smce 1869 but was fiist adequately described by 
Cobb (1893, 1895) who showed that it was caused by a bactenum, 
which he named Bacillus lascula/nm The pathogen was more 
completely described and its pathogenicity verified by R G 
Smith (1902) and by E F Smith (190-1) The most thorough 
study of the disease and its method of spiead under field condi¬ 
tions has been made by Xoith »1935) 

Gummosis of sugar cane is strictly confined to the sugar¬ 
cane plant No othei plant is known to be affected m nature, 
although there is some evidence that the disease may have 
originated m South America wdiere sugar cane is not indigenous 
If this is true it would be necessary to assume its pathogenicity 
on some plant native to South America 
Affected plants are dwaited and long yellow stieaks appear on 
the leaves The streaks latei withei and become brown, the 
leaves dying fiom the up tow aid the base A pronounced yellow 
shine that forms m the vasculai bundles is the best diagnostic 
symptom The infection spreads fiom the v ascular bundles into 
the neighboring cortex and m wet weather a yellowish gummy 
exudate foims on the surface of affected tissue 

Gummosis is transmitted leadily by planting infected sets, 
and, a & uigai cane is commonly propagated m this way, this 
method of transmission is very important It is the chief method 
of introducing the disease into new areas and has been responsible 
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for most of the long-distance spiead The disease also may be 
tiansmitted by the cutting knife when canes are being cut fox 
planting 

Local secondaiy spiead m the field is effected pumaiily by 
wind and lain as demonstiated by Xoith Gum filled with the 
pathogenic bactena, oozes fiom affected leaves when they aie 
vet Ram washes the bactena fiom the leaves and scatters it to 
othei leaves which aie at the same time being mjuied by the 
effects of the wind Infection occurs most commonly thiough 
minute wounds made by the senate edges of one leal scratching 
the surface of anothei leaf 

North (1935) made a thoiough study of insect transmission of 
gummosis undei field conditions In an extensive senes of cage 
experiments, only negative evidence was obtained with numeious 
species of insect that commonly feed on sugai-cane leaves, 
including aphids leaf hoppeis, plant bugs and beetles How¬ 
ever, many species of fly weie obseived actively feeding on the 
gummy exudate, especially m wet weather following a ram It 
w r as demonstiated by a senes of caging expciiment> that flies 
were effective vectors The flies take sheltei nTthe ^ugai-cane 
fields during the lamstoims, and when the stoims aie o\ei they 
are attiacted to the sap oozing fiom the fiesh wounds They 
ingest contaminated gum fiom infected plants and then feed on 
exudate from fresh wounds in healthy plants and m this way 
tiansmit the disease It was also demonstiated that the bactena 
survive for some time in the intestinal tiact of the flies and that 
the flies may transmit the pathogen fox lelatively long distances 
as compared to the local dissemination by wind-blown lam 
The impoitance of tiansmission by flies is based pnmarih on 
lelatively long-distance dissemination that gives use to isolated 
centers of infection and setondanly on local dissemination as i 
supplement to dissemination by wind and tain 

Control of g umm osis depends laigely upon the selection oi 
healthy canes foi planting, the use ot geneial samtaiy piaeuccs 
and the development and planting of lesistant vaneties Some 
progress has been made m the development of lesistant varieties, 
and this method offexs the most promise foi the othei methods 
are effective only to a limited extent 

A Bacterial Disease of Willows and the Willow Borer — 
Lmderjer (1932) has descubed a disease of willows m Holland 
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caused by a specie^ of bactena which she listed as a new 
species i Pseudomonas mlicipeida ), [Phytomonas sahcipeida (Lmd- 
epei) Haudiuoy ei at] The willow borei, or snout beetle 
(Cryptonhynchus lapathi L ), is lepoited as a vectoi of the disease 
The disease causes a wilt of the branches followed by eaily 
defoliation and death of the affected limbs, eithei the fiist 01 
second yeai aftei infection (Fig 96<z) The pathogen is a t ascii- 
lai paiasite It is a capsulate oiganism that clogs the vessels 
and cuts off the transpnation stream The teimmal portions of 



Fig 90 — Bacterosis ol willow a , a group of -willow trees killed bj bac- 
te^iosis, b two twigs with burio-fts made bj Cryptorrhyncus lapathi, xhe \ector oi 
i he disease i Ay hr Lindt ijtr ) 


the blanches dry out, wheieas the lotvei paifs become water¬ 
logged Infection can occui only through fresh wounds that 
penetrate the baik and reach vessels of the wood 

The necessary wounds aie usually furnished by the feeding 
and breeding activities of the wallow' boiei This insect feeds 
upon the baik and the outer layei& ol the wood Observations 
showed that natural infections most frequently originated at the 
wounds made by the insect The boxer feeds readily upon 
infected branches and m so doing becomes contaminated with 
the bactena (Fig 9 6b) The disease was expenmentally pro¬ 
duced by allowing insects, both naturally and artificially con- 
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laminated with the bacteria, to feed upon willow twigs The 
bacteiia also were isolated fiom the esophagus of beetles that had 
fed upon infected blanches 

The borei also bleeds m willow twigs, but eggs deposited m 
infested wood laiely hatch because of the excessive moisluxe 
It is concluded, theiefoie, that the vector does not as a rale 
become contaminated fiom breeding m infested wood although 
it may be contaminated fiom walking ovei the bactena! ooze that 
is often exuded from cracks m affected branches 

Bacterial Wilt of Solanaceae —Potatoes, tobacco tomatoes 
peppers, and other related plants aie severely affected with a 
bactena! wilt caused by Phytomonas solanacearum r Erw Smith) 
Bergey et al Numerous plants m families other than the Solan¬ 
aceae also are affected to some extent It is pievalent thiough- 
out the southern pait of the United States and has been lepoited 
fiom Europe and several places m the tropical legions of the 
world It appears to be favoied by warm weather and is most 
destructive m vvarmei regions 

The first symptom of the disease is a sudden wilting of the 
leaves on a single branch 01 on the entile plant This is soon 
followed by a shriveling of the stems and eventually the death 
of the plant The bacteria aie found fiist m the vascular bundles 
which become blown throughout almost the entne plant, blit 
eventually they enter the paienchyma cells of the cortex and 
pith and destroy them as well The bacteria spread through the 
vascular bundles of the stolons until they leach the tuber- where 
the vascular ring is first destioyed, and the decay of the 
storage tissues soon follows When affected stem 01 tubers are 
cut m cross section, the bactena ooze out m a bxowmsh yellow 
slime 

From a study of the literature on this disease it n evident that 
many details of the methods of infection and spread in the field 
are not known definitely Smith (1S96) succeeded in trans¬ 
mitting the disease m the greenhouse by means ol potato beetles 
(Lepimotaisa dccnvihnecLta Say) Potato beetles, having previ¬ 
ously fed on infected plants, w T eie placed for several hour- on 
four healthy plants under large bell jars after which they were 
i emoved Within 7 to 9 days, all the inoculated plants developed 
typical symptoms, while the controls remained free From these 
experiments, Smith generalized as follow a 
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These experiments with the Colorado potato beetle seem to fulh 
warrant the conclusion that insect enemies are largely responsible for 
the spread of the disease Given one diseased vine m a field and 

plenty of insects to feed upon it, the transmission of this disease to all 
parts of the field and thence to the whole neighborhood, is only a ques¬ 
tion of weeks 

Just what insects are most instrumental m disseminating this parasite 
m any particular locality can be determined only after a prolonged and 
careful studv of the disease m the field Xo experiments have been 
made with other insects, but it is likely that flea beetles, blister beetles, 
chrisomehds, and many other leaf-eating insects may act as carriers of 
the disease 

These general conclusions have been repeated by subsequent 
writers, but the u prolonged and careful study of the disease m 
the field 5 seems never to have been made 

Although Smrth ^1896) concluded that most of the infections 
probably occur aboveground as the result of insect injuries, his 
views weie modified later (1914), and much cncumstantial evi¬ 
dence has been presented by various woikers, indicating that m 
nature infections occur most commonly on the underground parts 
The lecent woik of Eddxns (1936), m winch effective control of 
the disease on potatoes was obtained by adding sulphur to the 
soil, lends w eight to the latter conclusion 

The available evidence indicates that infection occurs only 
through wounds At least, it has never been demonstrated 
that infection can occui m the absence of wounds If v r ounds on 
the underground pait^ aie necessary foi infection it is very piob- 
able that insects are involved A thorough study of the soil 
insects that commonly affect the roots of susceptible plants 
would probably throw some light on the question Smith (1914) 
has suggested a possible relationship wnth the root-knot nema¬ 
tode but no experimental study of the relationship has been 
reported 

Bactenosis of Pnckly-pear Plants —Johnson and Hitchcock 
f1923) hax^e described a bacterial disease of prickly peai (Opuntm 
spp ) which is transmitted by a numbei of insects that feed upon 
these plants The disease was discovered m Florida and later 
introduced into Australia where it was studied as a possible aid 
m the control of prickly peais 

The disease is caused by a species of bacteria described and 
named by Johnson and Hitchcock as Bacillus cacticidus, [Erwima 



INSECTS AND BACTERIAL DISEASES 203 

cacticida (Johnson and Hitchcock) Hauduioy et al] The bac- 
tena cause is lapidly developing soft lot of affected tissue* 
The decay is limited almost entirely to the succulent pai enchyma 
tissues, the bactena failing to spiead through the vasculai 
bundles A distinct puiphsh chscoloi ation is chaiactenstic of 
the affected tissues m the eaihei stages of decay The par¬ 
enchyma is ultimately reduced to a biown, slimy, fetid liquid 
that dries out leaving only the cuticle and vasculai strands 

Inoculation expeiiments -with the pathogen revealed a high 
degiee of specificity for the various specie* of Opunha The 
most commonly grown fiuits, vegetable*, and foiage crops aie 
not susceptible to the disease The pathogen is an actively 
motile, Giam-negative, aeiobic and facultative anaeiobic short 
lod In general chaiacter, it xesembles very closely the omnivor¬ 
ous Eiwima caiotovoia but is moie limited m it* host lange 

The pathogen will not infect thiough the stomata and is m all 
probability, a stnet wound paiasite It was demonstrated 
expei imentally that the laivae (cateipillais) of seveial insect 
pests of the cactus, including Mehta/a prodeniahs , Olyca junc- 
tokmella, and Mimorisia flavidissiryiahs aie effective vector* ot 
the disease, and it was predicted that Cadoblashb cadomm and 
C bucyrus w r ould also pioxe to be effective vectoi* The larvae 
of the longicorn beetles {Moneilema spp ) and seveial member* 
of the Diosophihdae also weie shown to be capable of trans¬ 
mitting the disease 

The insect vectois of this disease aie impoitant not only m 
transmitting the disease from plant to plant but also m tiam- 
mittmg infection fiom one segment to anothei of the same plant 
The infection will not spread unaided from one segment to 
another, foi the bactena affect only the pai enchyma tissues and 
aie unable to invade the lignified vasculai tissues Without 
the aid ot the insect vectoi*, the disease, at mod would produce 
only local lesions on isolated leat .segments 

It is not known to w'hat extent this bactenal disease has con¬ 
tributed to the destitution of prickly peai* m Austiaha Get 
Figs 5 and 6), but Dodd (1936), m di*cus*mg the mannei ot 
destiuction of prickly peais by the mtioduced insect [C cactut um) 
stated 

The larvae of Cadohlashs devour the hole of the cladodes except tne 
\ascular bundles and the thin paper} cuticle, and the injured segments 
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dry out Moie often, howevei, the tunneling of the lanae sets up 
conditions favorable for plant diseases, bacterial m the more terminal 
growth, fungus infections in the thicker lover poitions, m consequence, 
destruction is hastened 

Bacterial Gall of Douglas Fir and Chermes Cooleyi —Hansen 
and Smith (1937) have descubed, on Douglas fii m California, a 
bactenal disease that they believe is msect-tiansmitted The 
disease causes lough globular galls on the young twigs and 
blanches (Fig 97) The gall is composed of hypeitrophied 



Fig 97 —Bactenal gall of Douglas fir .4, a natuially occurring gall B and C, 
galls produced by artificial inoculation, D a fii twig with baihiemoied to show 
feeding wounds made bj Chirmts coohyi thiough which infections occui m 
nature (After Hansen and Smith ) 

tissue involving both coitex and stele The galls have their 
origin alw ays within the tissues of the stele, and aitificial inocula¬ 
tions demonstrated that infection occuis only when the patho¬ 
genic bactena (Bactenum pseudotmgae Hansen and Smith) aie 
placed m actual contact with the xylem elements 

The dependence of infection upon deep wounds suggested 
transmission by an insect vector of some sort Two insects were 
present m sufficient abundance to invite suspicion One of these, 
the orchard cicada (Platypedia areolata Uhler), oviposits m the 
twigs and thus causes deep wounds that reach the xylem elements 
Over two hundred oviposition wounds were examined, but galls 
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were nevei associated with them The othei possible \eetoi y 
Cooley’s Chernies ( Chernies cooleyi Gill), is a sucking insect 
belonging to the family Chermidae It feeds on the small twigs 
and makes deep w T ounds extending into the wmod This insect 
was obseived feeding upon fiesh galls, and galls hare been found 
ansing from feeding punctuies of the insect Thus strong cn- 
cumstantial evidence points to this insect as the vector of the 
disease No other means of transmission m natuie is known 
Black Rot of Crucifers —-As early as 1897, E F Smith repoited 
experimental transmission of black lot of ciucifeis [Phytomonas 
campestns (Pammel) Bergey et al ] by slugs (Agnohmax agreshs 
L) and the cabbage worm ( Plusia biassicae ) Biennei m 1904 

confirmed Smith’s experiments wnth dugs and added an unnamed 
species of aphid as a vectoi These expenments were all based 
on greenhouse w r oik, and no one has shown that the vectoi s are 
of any significance m the development of the disease m natuie 
In 1924, Clayton xepoited experiments in which caged cauli¬ 
flower plants escaped infection while contiol plants not piotected 
by cages were heavily infected This led him to conclude that 
insects w r eie important vectois m the field Latei experiments 
(1929), howevei, failed to suppoit this conclusion The evidence 
obtained latei led to the belief that the cages pi evented spread 
by wind-blown ram and by contact m cultrv ation, ways m winch 
he concluded the disease was most frequently spread Other 
workers have suggested various insects as possible vectors but 
have presented little or no experimental data Until more con¬ 
clusive evidence is available, it must be assumed that m nature 
insects are of little significance as vectors of black rot 

Angular Leaf Spot of Tobacco and the Southern Tobacco 
Worm —Johnson (1934) descirbed an association of the lesions 
of angular leaf spot [Phytomonas angulata (Fronime and Murray) 
Bergey et al ] with injuries made m the leaf surface by the tobacco 
w oi m m ci awimg over the leaf The pr olegs of the tobac co w or in 
are equipped with semiciiculai hooks and aie n>ed for clinging 
to and moving oter the suifaee of the leaf These hooks make 
very small punctuies m the leaf that serve a& infection courts 
The prolegs of the worms doubtless are contaminated wnth the 
bacteria from leaf-spot lesions The insect is more effective as 
an agent of inoculation when the leaves are moist and is responsi¬ 
ble for dissemination for very short distances only 
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Bean Bactenosis and Thrips —Buchanan (1932) has .shown 
that Hehothrips femorahs Reut may tiansmit a bactenosis 
(halo blight) of beans (. Phytomonas medicagims vai phaseohcola 
Burkholdei) in the gieenhouse The thnps weie obseived feed¬ 
ing on plants that had not been inoculated with the bactena 
The bactenal lesions weie always associated with the feeding 
wounds of the insects When thnps weie tiansfeired fiom 
infected plants to healthy plants, similai lesions weie developed 
about their feeding wounds, w hile no lesions developed when the 
thnps were taken fiom healthy plants The tiansmission 
appears to be incidental and entirely mechanical The insect 
probably is of little impoitance as a vector of the disease undei 
field conditions 

Blade Blight of Oats (Halo Blight) —Manns, in 1909, lepoited 
experimental evidence showing that aphids w r eie vectors of a 
bacterial disease of oats which he called “blade blight ” It is 
probable that this disease is the same as halo blight caused by 
Phytomonas coronofaciens (Elliot) Beigey et al (Elliot 1920) 
Aphids, taken fiom affected plants and tiansfened to healthy 
ones m cages, effectively induced the disease aftei 10 to 12 days, 
but wdien the insects weie taken fiom healthy plants no disease 
developed Since Elliot has shown that infection may lesult 
fiom stomatal penetiation and that aphids aie not necessary for 
infection, it is probable that these insects play only a nnnoi part 
m the spiead and development of the disease Howevei, it 
would be well to study the disease fuithei with particulai refer¬ 
ence to the ide of insects m its tiansmission 

Gardenia Bud Drop —Wilson (1927) has descubed a bud drop 
of gaidemas said to be caused by an unnamed species of Erwmia 
Infection occurs through the extiafloial nectanes Observations 
m greenhouses and experiments in the laboratory demonstrated 
that the bacteria weie disseminated by ants and mealy bugs 
which commonly feed on the extiafloial nectar 

The Spot Disease of Cauliflower and the Red-bordered 
Stinkbug —Goldsworthy (1926) m a study of the spot disease of 
cauhfiow T er [Phytomonas macuhcola (McCulloch) Beigey et al ] 
isolated the pathogen from the soil and also from the extremities 
of the red-bordered stmkbug (. Euiopthalmus convivus) He con¬ 
cluded that the insect w T as a common agent of dissemination 
although no experimental pi oof w'as given 
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Bacteria Associated with Aphids and a Gall on Witch Hazel — 

Lutz and Blown (1928) have described a species of bacterium 
commonly associated with the aphid (Hamamehstes spmosus) 
and a spiny, hollow bud gall on witch hazel They suspect that 
the bactena may be the actual cause of the gall but were unable 
to piove it by aitificial inoculation ol witch-hazel buds with 
the bactena 
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CHAPTER VII 


INSECTS AND FUNGUS DISEASES 

Fungi are responsible for more plant diseases than any other 
gioup of microorganisms The great diversity m their mor¬ 
phology, physiology, and life history makes them a very \ ersatile 
group of plant pathogens The spores, which constitute the 
principal inoculum of the pathogenic fungi, are extremely varied 
and are adapted to many different methods of dissemination 
Although wind is the most common agent, of dissemination of 
fungus spores, some pathogenic fungi aie almost entirely depend¬ 
ent upon insects, not only for spore dissemination but also for 
inoculation and mgiession 

Unlike the bactena, some species of fungi are able to gam 
entrance to plant tissues by direct penetration of the epidermal 
cells Others depend upon stomata and other natural openings 
for mgression, but there are some that are completely dependent 
upon wounds, many of which are made by insects The adapta- 
tive relationships between insects and fungus plants pathogens 
are as numerous and complicated as those between insects and 
bactena 

Ergot of Cereals and Grasses —Ergot is a fungus disease 
attacking many species of cereals and grasses Of the cultivated 
cereals, rye is the most severely affected The disease affects 
primarily the floral organs which often may be so severely 
injured that the floret is sterile More frequently, the kernels 
are replaced by the large, dark-colored sclerotia of the pathogen 
The disease is important not only because of the reduction m 
crop yield but also because of the harmful effect of the sclerotia 
when eaten by man or animal The toxic substances m the ergot 
fungus have certain medicinal properties and are extracted and 
used as drugs 

The fungus [Clamceps purpurea (Fr ) Tul ] survives the winter 
in the soil as sclerotia In late spring, the sclerotia germinate 
by sending up several stromata, each consisting of a light- 
colored stalk surmounted by a reddish spherical head (Fig 98) 
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Fig 9S —Ergot of rye ( Clamceps purpmea) _4, comdia (these aie bom m 
drops of a sugar* solution on the surface of the >oung sclerotia), B matuie 
sclerotia on head of i j e, C, a germinating sclerotium with a number of perithecial 
stromata, D, an enlarged section through a perithecial stioma showing the 
perithecia embedded near the surface, E section thiough a single penthecium, 
F ' a slI1 S ie ascus a ruptuied ascus with extruding ascospore, H , a single 
ascospore (A and B after Strassburger, C-H after Tulasne ) 
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Embedded undei the surface of the heads are large numbers of 
flask-shaped cavities opening to the outside through small holes 
marked by minute papillae These cavities are the penthecia 
m which the ascospores aie borne The ascospores are responsi¬ 
ble for pnmary infection 

There has been some difference of opinion concerning the 
manner in which the ascospores aie disseminated to the glass 
flowers wheie infection occurs Stager (1903) concluded from 
observations and experiments that the ascospores slowly exude 
from the penthecia, accumulate on the slimy surface of the 
stromatic head, and are disseminated by flies Other workers 
(Wilson 1875, Falck 1911) have shown that the ascospores are 
often forcibly ejected from the asci, being projected into the air 
foi a distance of 2 to 8 centimeters, aftei which they aie dissemin¬ 
ated further by convection currents and wind 

Because wind dissemination of ascospores has been demon¬ 
strated, it is often stated that insects aie of no importance m 
distributing the ascospores of ergot Such a definite statement 
does not seem to be justified, for there have been no careful 
experiments dealing with the subject As eaily as 1875, Wilson 
pointed out that, although some of the ascospores are forcibly 
ejected into the air, otheis latei aie gradually exuded from the 
penthecia w r here they collect on the surface of the stroma in a 
sticky liquid If insects are attracted to the stroma as reported 
by Stager (1910) and if these insects are the same as those which 
visit the blossoms of rye and other grasses, they w ould be very 
effective agents of inoculation Furthermore, it has been shown 
(Engelke 1901) that the ejection of the ascospores may occur 
very suddenly m response to a slight touch of the stromatic head 
An insect alighting upon the stromatic head would provide the 
necessary stimulus and as a result would become contaminated 
with the ejected spoies 

According to Rolfs, as reported by Stevens and Hall (1910), a 
related fungus (Claviceps paspah ) is disseminated by beetles of 
the family Caiabidae The beetles visit the spore-co\ ered 
stromata where they become contaminated with spoies, then 
crawl up the grass stems to the inflorescence, and inoculate 
the young ovaries It is evident from the w r ork of Falck (1911) 
and others that wind dissemination of ascospores occurs quite 
commonly, and this may be the usual method, but the possibility 
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of extensive insect dissemination is not excluded A more 
thorough study of ascospore dissemination is needed 

Following infection, the ergot fungus permeates the tissues of 
the ovary, later replacing it with sclerotial tissue In the early 
stages of infection, the surface of the developing sclerotium is 
covered with numerous convolutions on which aie borne large 
quantities of small subsphencal comdia (Fig 98) These spores, 
measuring fiom 0 7 to 3 5 microns in diametei, are borne m 



Fig 99 — A , a head of rye showing sugary exudate containing comdia of the ergot 
fungus, B , flies feeding upon ergot-mfected heads of xye 


droplets of a sugary solution often called “honeydew ” When 
disseminated to other flowers, the comdia aie responsible for 
secondary infection 

It is generally conceded that insects are the most common 
agents of disseminating these secondary spores The comdia, 
unlike the ascospores, are not forcibly ejected, and being borne 
m a sticky liquid they are subject to wind dissemination only as 
the wind may blow one plant’s head against another Moreover, 
it is a matter of common observation that insects visit the affected 
florets and feed upon the sugary fluid contaimng the spores 
(Fig 99) The fungus at this stage of development has a dis- 
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tmctive camonlike odor that seems to attract insects, especially 
flies 

Atanasoff (1920) states that as early as 1847 Leums observed 
the insects visiting the infected florets and suspected that they 
were disseminating the spores Mercier (1911), however, was 
the first to investigate the subject carefully He showed that a 
fungus gnat ( Sciara thomae L ) actively disseminated the spores 
both externally and internally He showed that the spores were 
passed through the intestinal tract of the insect without losing 
their viability The habit of flies of regurgitating the contents 
of the crop when feeding would appear to make them particularly 
effective as vectors 

Atanasoff (1920) lists more than 40 different insects that 
have been observed feeding upon the sugary secretion of ergot 
Many of these feed not only on the honeydew containing the 
spores but also on the pollen of healthy flowers, a fact of considei- 
able significance from the standpoint of inoculation efficiency 
Those insects which regularly visit healthy heads as well as 
diseased ones w r ould obviously be more effective vectors than 
those wdnch limit their visits to diseased heads Despite the 
large amount of convincing observational evidence of insect 
dissemination of ergot, relatively little experimental work has 
been done on the subject, and there are many obscure points that 
need further study 

Bark Beetles and Blue Stain of Coniferous Trees —The sap- 
w ood of many species of coniferous trees is attacked by fungi that 
stam it dark blue, although the fungi do not decay the wood, 
the discoloration greatly reduces its market value (Fig 100) 
Although blue stam is most frequently found m felled timber, 
it is not uncommon m living trees that have been weakened by 
drought, fire, oi some other adveise factor When living trees 
are attacked, the transpiration stream is interrupted, and the 
tree dies from the top dowmward Blue stam is caused by several 
different fungi, but species of Ceratostomella or related genera are 
the most common ones The genus Ceratostomella has been 
divided into two groups by von Hohnel (1918) who applied the 
generic name Lmostoma to those species with obvious affinities 
to Ceratostomella pthfera (Fr ) Wmt Because Lmostoma had 
been used previously for a genus of flowering plants, Sydow 
(1919) substituted the name Ophiostoma Goidameh (1934, 
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1936) divided the group still further by creating a new genus 
Grosmanma, based on the fungus described by Grosmann (1932) 
as C pemcillata For convenience the generic name Ceratosto - 
mella wall be retained m this discussion 

An association of insect injury with blue stain had been 
observed for many years, but the injury caused by insects was 
considered only as a weakening influence along with drought, fire, 
and othei factois Yon Schienk (1903) w r as perhaps the first to 
suggest that a blue-stain fungus is disseminated by beetles He 
studied the association of the blue stain of western yellow pme 



Fig 100 —A section cut irom a log of red pme, the sap-wood of which is affected 
with blue stain caused by Ceratostomella ips and transmitted by bark beetles 


(Pmus pondewsa Lawson) with attacks of Dendroctonus pon- 
derosae Hopk He suspected that these beetles weie disseminat¬ 
ing the blue-stam fungus but w~as unsuccessful m isolating it 
from the insects and concluded that the spores weie wind-borne 
and entered through the hole^ made by the beetles No furthei 
study of the association w^as made until 1928 wdien Craighead 
called attention to the constant association of bark beetles 
(Dendioctonus) and blue stain m southern pme, pointing out 
that the direct injury caused by the beetles attacking lit mg 
trees was not sufficient to cause the ensuing rapid death of the 
trees He suggested that the blue-stam fungus was largely 
responsible for the death of the tree and that the fungus w T as 
probably introduced by the beetles This hypothesis was proved 
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coriect by Nelson and Beal (1929) and Nelson (1934) who showed 
that the fungus, artificially inoculated into the trees m the 
absence of the insects, w r ould kill them m a relatively short time 
Rumbold (1930) described and named the fungus associated with 



Fig 101 —A bark beetle ( Ips giandicolhs ) caught and photographed as it 
emerged from a log infected with blue stain Note the glistening white masses 
of spoies of Ceratostomella ips adhering to its bristles Histological studies have 
shown that the beetles are also internally contaminated and that viable spores 
are passed out m then e\ciement 


these beetles C ips Goidamch later lefened it to his newly 
established genus Giosmanma [Giosmannia ips (Rumb) G 
Goid] Grossman (1930) descubed and named seteral othei 



Fic 103 —Gtaphium coremia of the blue-stain fungus m the pupal chambei 
of Ips pint A , as seen from above, B, as seen m section Note the white sticky 
masses of spores borne on the tips of daik compound sporophoies The spores 
adhere leadily to the beetles as they feed on the decayed inner bark Approx 
10X 

blue-stammg fungi and has studied m some detail their associa¬ 
tion with bark beetles m Europe 

Experimental proof of the symbiotic nature of the association 
of C ips Rumb and two species of bark beetles (Ips pint Say„and 
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I gmnd^colllS Eichh ) v. as presented by Leach, Orr, and Christen¬ 
sen (1934) who studied the details of the association throughout 
the life history of the beetles Freshly cut logs of Norway pine 
(P resinosa Art) w ere exposed under a variety of conditions in 
experiments designed for determining the degree of mterpendence 
between the beetles and the blue-stain fungi The ends of some 



Fig 103— A, a penthecium of Ceratostomella ips (appiox 50 X), B , the tip 
of a penthecium mounted m ^atei showing the ascospores oozing fiom the beak 
m a sticky matrix Approx 75 X 

of the logs were sealed, and otheis weie left without sealing The 
logs were exposed m such a w’ay as to exclude insects hom some 
and to exclude wand-blow n spoi es from others It w as pi o\ ed by 
these experiments that the blue-staining fungi, along with ceitam 
yeasts, are universally introduced by the beetles and larely, if 
ever, m any other way 

The beetles, as they emerge from infested logs, are contami¬ 
nated wnth the spores of the fungi both internally and externally 
(Fig 101) Spores ingested by the beetles pass through the 
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intestinal tract and pass out m the excreta umnjuied As the 
new brood of beetles develops, the fungus grows m the sapwood 
and mnei bark and fructifies on the vails of the tunnels and 
pupal chambers Both the conidia and ascospores of the blue- 
stainmg fungi are borne m a sticky matrix m a way that ensures 
thorough contamination of the new brood of beetles The 
conidia are borne m Graphium coremia m vhite sticky masses at 
the apex of intertwined, dark-colored spoiophores The coremia 
are often found on the walls of the pupal chambers or egg channels 
(Fig 102) The ascospores are borne m black, long-beaked 
penthecia In the presence of moisture, the ascospores oo^e out 



Fig 104 —Penthecia of Ceratostomella ips, gi owing on the wall of a bark beetle 
tunnel, with their beaks pointing toward the centei of the tunnel Note the 
white masses of ascospores on the tips 


m white sticky masses (Fig 103) The penthecia develop on the 
walls of the tunnels with the beaks pointing inward, a position 
well adapted for ensuiing contamination of the beetles (Fig 104) 
The new brood feeds m the fungus-infested inner bark for some 
time before emergence, a habit that is conducive to both internal 
and external contamination (Fig 105) 

Theie aie usually two broods of the beetles, the first one emerg¬ 
ing m midsummer The fleshly emerged beetles seek new tiees 
or logs, bore into the bark, and stait new broods without any 
intermediate feeding period The second brood emerges m late 
fall and spends the winter under the duff on the forest floor. 
When the temperature rises m the spnng, the overwintering 
beetles emerge, bore immediately into smtable trees, and estabhsh 
new brood tunnels 
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The eggs of the beetles, which aie deposited m niches along the 
sides of the biood galleries, aie internally sterile, and no special 
anatomical structures m the insects to ensure congenital transmis¬ 
sion of the fungus to successive generations have been observed 
The fungi apparently play no important pait m the nutrition of 
the insect, but then presence m all probability makes the In mg 
tree a moie suitable medium foi beetle development by w eakenmg 
the tree and reducing its water content The fungi, by then 
action on the inner bark, also greatly modify the microenviron¬ 
ment of the developing brood of insects The fungus obviously 



Fig 105—A bark beetle (Ips grandicolhs) feeding m an old tunnel pnoi to 
emergence Note the bristlelihe penthecia of Ceratostomella ips along the walls 
oi the tunnel with then tips brushing the sides of the beetle The beetles ha\ e 
been observed to feed upon the penthecia Appio\ 4X 


is dependent upon the insect for dissemination and penetiation 
into the bark of the trees In view’ of these facts, the association 
between beetle and fungus is eonsideiecl one of tiue mutualistic 
symbiosis 

In addition to C ips, a previously undescnbed blue-staining 
fungus w’as found associated wnth the bark beetles m Norw ay pme 
by Leach, Oir and Christensen (1934) This was an impeifect 
fungus forming relatively large ovoid spoies m white waxy 
stromatic masses m the pupal chambers and old egg galleries 
(Fig 106) This fungus, described and named Tuberculanella 
ips, when present w’as usually the predominating fungus m the 
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brood tunnels, although C ips w as often associated with it The 
fungus causes a blue stam of the sapwood indistinguishable from 
that caused by C ips 

Pei son (1931) has shown that the yeasts associated with the 
beetles cause a fermentation of the sap and produce ceitam 
aromatic substances ■which, he thinks, may attract beetles to 
infested tiees This -would account foi the observed fact that 
the tiees aie always attacked by laige numbeis of beetles 
Tiees with a few scatteied beetle infestations are extremely 



Fig 106 —Pupae of Ips pim surrounded by masses of spoies of Tuberculariella 
ips growing on the walls of the pupal chambers The beetles on matuntj- hu e 
been observed to feed on the spoies many of wduch pass unmjuied through then 
alimentaiy canals Appiov 3 X 

iaie In such isolated attacks, the beetles aie usually diowned 
out by an excessive flow of sap and lesm into the tunnels The 
yeast associated with these and several othei baik beetles 
infesting pines has been studied by Bramble and Holst (1935) 
and was descnbed m detail by Holst (1936) w T ho named it 
Zygosacchai omyces pim 

It is piobable that ceitam species of fungi aie associated m 
some way with all baik beetles although the extent and the 
economic impoitance of the association may vaiy Rumbold 
(1936) has recently shown that C ips is associated also wuth Ips 
emargmatus (Le C ), I integer (Eichh), and I oregoni (Eichh) 
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on seveial species of comfeis m the Pacific Coast foiests She 
also has descubed two new species, C piceapeida associated with 
Zb piceapeida on spiuce m eastern Canada, and C pseudotsugae 
associated with D pseudotsugae on Douglas fii and laich on the 
Pacific Coast The extiemely destiuctive Dutch elm disease 
is caused by an association of the seveial species of elm baik 
borers and C ulmi (Schw) Buisman In many lespects, the 
relationship is stukingly similar to that between the baik 
beetles of comfers and the blue-stainmg fungi 

Wright (1935) has descubed still another association between 
a bark beetle and a wood-staining fungus Scolytus ventrahs 
Le C , a bark beetle infesting white fir (Abies concolor Lmdl and 
Gord) m California is often fatal to the tiees A biown stain 
associated with the tunnels w as found to be caused by a species 
of T/ichosponum , later pioved to be pathogenic to fii tiees 
The fungus (named T symbioticum) was found to be iegulaily 
transmitted by the beetles m a mannei similai m all essential 
lespects to that descubed above foi the blue-stammg fungi 
Wright concludes that the association between fungus and 
insect is mutually beneficial and mteipiets the lelationship 
as one of mutualistic symbiosis 

In a latei lepoit, Wnght (1938) descubed a similai association 
between a brown-stammg fungus [Spicaria anomala (Coida) 
Haiz] and two additional species of beetles C Scolytus piaeceps 
Le C and S subscabei Le C) affecting white fii These two 
beetles commonly infest the tops and blanches of the tiees, 
lespectxvely, w hereas S ventiales is found mostly m the base of the 
tree Tnchosponnm symbioticum was found only m the base 
of the tiee, and S anomala was limited to the tops and blanches 
It was shown that the fungi would grow m any pait of the tree 
when aitificially moculated Therefoie it w r as concluded that 
the occunence of the two fungi m different paits of the tiee 
was due entnely to then association with then lespective vectois 
Both fungi killed the cambium m advance of the beetles and 
caused a maiked i eduction m moisture content of the sapwood, 
a condition consideied iavoiable foi the successful establishment 
and maintenance of individual beetle bloods 
The Dutch Elm Disease —In 1919, a destructive disease of 
elm tiees was discovered m Holland and described by Spierenberg 
(1922) In the next few years, the same disease was reported 
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fiom pi actually all the countries of Central and Southern 
Euiope It ms discovered in England in 1927 (Wilson and 
Wilson 1928) and m the United States m 1930 (May, 1930, 1931) 



Fig 107 —An elm tree affected -with the Dutch elm disease (Reproduced 
from U S Department of Agriculture Circ 32 2, Outbreaks of Dutch Elm Disease m 
the United States , by Curtis May ) 


As the disease was fiist lecogmzed m Holland, it has been known 
generally as the u Dutch elm disease ” It is extiemely destruc¬ 
tive, and practically all species of elms are susceptible Because 
of the value of the elm as a shade tiee, the disease has been the 
subject of extensive investigation m every country wheie it has 
been found 
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Affected tiees may be killed lapidly, dying within 1 01 2 yeais 
aftei infection In othei cases, the disease acts slowly and may 
not kill the tiee for seveial yeans The fust symptoms aie a 
wilting and diymg of the lea\ es of tei mmal bi anclies The leaves 
usually diop piematuiely fiom affected blanches, only the veiy 
young teimmal leaves peisisting aftei the noimal time foi abscis¬ 
sion (Fig 107) The most chaiaetenstic diagnostic symptom, 
although not an infallible one, is a biown discoloiation m the 
outei annual grov'th ungs of the sapvood of affected blanches 



Fig 10S— Penthicia of Ceiatostomella ulm.% Appio\ 122 X (4 fter Bmsmati ) 

The discoloiation may appeal as a continuous 01 paitial nng, 
a 4 * an aie, ox as a nng made up of sepaiate biown dots 

The Dutch elm disease is caused by a fungus, finst descubed 
m the impel feet stage by Schwaiz m 1922 as Giaphium uhm 
The perfect stage was discoveied and descnbecl by Buisman 
(1932) as Caatostomella uhm (Schw) Buisman It was latei 
lefened to the genus Ophiostoma (Nannfeldt 1932) The fungus 
is closely ielated, and veiy similai, to the fungi causing blue 
st am of comfeious trees which aie disseminated by the pine 
bark beetles (Fig 108) 

The method of dissemination of C uhm was not known foi 
seveial } r ears aftei its discovery Maichal (1927) and Wollen- 
webei and Stapp (1928) were the first to point out the possible 
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significance of insects m the spiead and development of the 
disease These authois found the pathogen fruiting abundantly 
m the pupal chambeis and gallenes of the baik beetle ( Scolytns 
scolytus Fabr) This discovery, togethei with the constant 
association of the disease with the insect attacks and ceitam 
obseivations on the spoiadic appeal ance of the disease near 
oldei infected tiees, led them to the assumption that the insect 
was a vector of the disease The conectness of this assumption 
has since been venfied by numerous workers, including Betiem 
(1929), Fiansen (1931, 1932, 1935, 1939), Fiansen and Buisman 
(1935) In addition to S scolytus Fabi S multistriatus Maish 
was soon shown to be an important vector (Fransen 1932, 
Collins 1935, Collins et al 1936) The lattei insect is the prin¬ 
cipal vectoi of the disease m the United States where S scolytus 
has not yet become established Another species of Scolytus 1 
S sulcatus Le C , has been found m and neai the region of 
Duteh-elm-disease infestation and is considered as a possible 
vectoi of much importance The biology of the beetle has been 
studied by Pechnman (1938) who points out that its life habits 
are very similai m many respects to that of S multistriatus 
The apple is its piefened host, but it breeds also m elm, m 
mountain ash, and m peach trees Like S multistnatus , it 
has the habit of feeding on the crotches of young twigs of \igorous 
tiees before seeking weakened trees m w T hich to bleed and m this 
respect should be an effective vectoi of the disease 

Several other genera of insects have been menmmated m the 
spiead of the disease or have been pioved to be potentially 
important, but the bark beetles appear to be the principal 
vectois m all countries where the disease is known In addition 
to the above-mentioned species of baik beetles, S sulcifions 
Rey , $ a finis Egg , S laevis Chap , and S pygmaeus F are said 
to be important vectors m Europe (Goidamch and Goidamch 
1934, Kalandra and Pfeffei 1935) Collins et al (1935) have 
shown that the native American elm bark beetle (. Hylurgopmus 
7 ufipcs Eichh ) is also a vectoi, but it probably is not so effective 
as the species of Scolytus In addition to the baik beetles, 
the following insects also have been mentioned as vectors,with 
less convincing pi oof Ptelobius vittatus F , P hroatzi Eichh , 
Sapcrda punctata L , S indentata Oliv , and Magdahs armigeia 




Fig 109 —Life stages of the elm bark beetle (Scolytus multistriatus ) A , eggs 
as the} are deposited m niches along the biood tunnel, B, an adult beetle, G \ 
larva, D, a pupa, lateral view, E, a pupa, \entral aspect 13 X (After Readio ) 

on leaf blades, mid-ribs, petioles, and succulent elm shoots, 
it has abundant opportunity to transmit the disease It was 
shown experimentally that the feeding wounds made by feeding 
adults could serve as avenues of entrance foi the pathogen 
Also, infection was obtamed by subjecting young elms to beetles 
that had been artificially contaminated with spores of the fungus 
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The significance of Saperda tndentata as a vectoi has been 
investigated by Tylei, Paxkei, and Pechuman (1939) This 
insect is pievalent m the aiea of Dutch-elm-disease infestation 
near New York, N Y It bleeds m the bark of diseased elms, 
and many adults caught after emerging from the bark weie found 
to be contaminated with C ulrm Inasmuch as the adults feed 
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No successful inoculations with natuzally contaminated beetles 
weie lepoited It is to be concluded fiom this work that the 
insect is a potential vectoi, but its significance m nature remains 
to be detei mined 

A compiehensive account of the disease and a review of the 
pertinent liteiatuie is given by Clinton and McCormick (1936) 
The most complete study of insect transmission and the biology 
of the elm baik beetles m Holland is that of Fiansen, an extensive 
account of which was published m 1939 Good descriptions 
of the disease and its insect vectois m the United States ha\e 





Fig 110 —Coremia of Ceratostomella ulmi m the egg galleries of an elm bark 
beetle The white sticky masses of spores adheie readily to the insect’s body, 
but are not adapted to dissemination by other means (After Clinton and 
McCoimich) 

been published also by Welch, Hemck, and Curtis (1934), 
Rcadio (1935), and by McKenzie and Beckei (1937) Collins 
(1938) has mapped the known distubution of $ mulhstriatus , 
Hylw gopmus rufipes , and the disease m the United States as of 
1937 The formei species was known to occui m thiee distinct 
centers of infestation one m eastern Massachusetts and southern 
New Hampshire, one m New York, New Jersey, Connecticut, 
southwestern Massachusetts, Delaware, and eastern Pennsyl¬ 
vania, and one along the Ohio River m western Pennsylvama, 
southern Ohio, West Virginia, southern Indiana, and noithem 
Kentucky The beetle was found m five locations m eastern 
West Virginia and m one location just across the Potomac 
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m Maryland Hylmgopmus mfipes is geneially distributed 
throughout the eastern part of the United States and Canada 
It piobably extends thioughout the lange of the elm In 
1939, the disease was known to occui m a major area of infection 
neai New York, N Y , and m New Jeisey and Connecticut and 
m aevei al scatteied infections in Maryland, Ohio, Indiana, and 
West Yngmia 

The smallei European elm baik beetle (S multistnatus ) 
(Fig 109) bleeds m and under the bark of elm tiees In general, 
it breeds only m trees that are weakened by disease, drought, 



Fig ill —Ciotch feeding wounds made by Scolytus mulh&tnatus aftei 
emerging from a diseased tree and before entering a new tiee to establish a biood 
gallery Much of the initial infection of elm trees takes place here ( After 
McKenzie and Bed er ) 

oi othei unfavoiable conditions The insect suivives the wmtei 
m the laival stage undei the bark, and the new biood of beetles 
emerges m eaily spung Befoie entering the baik of othei tiees 
to estabhsh biood tunnels, the beetles feed foi about ten days 
on the inner baik of the tender twigs of healthy vigorous elm 
tiees Numerous investigators have shown that the elm-disease 
pathogen hints m the old brood and larval tunnels and that the 
beetles emerging fiom diseased trees aie practically always 
contaminated with the spores both internally and externally 
Spores borne m sticky masses on Graphmm coremia constitute 
the chief source of contamination (Fig 110) The contaminated 
beetles may inoculate the tree m the feeding wounds on young 
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blanches (Fig 111), 01 the fungus may be introduced by the 
beetles when they boie into the baik to establish biood tunnels 
The biood tunnels (which aie chaiactenstic foi each species of 
Scolytus) always run paiallel to the giam of the wood and aie 
1 to 2 inches m length (Fig 112) The eggs aie laid m small 
niches along the sides ot the tunnel (Fig 109a) The laivae, 
on hatching, boie out at light angles, but, as they enlarge, then 
tunnels spiead out so that those ansmg at the ends of the mam 
tunnel may be paiallel to the giam when the laivae matuie 
(Fig 112) The pupal chambeis aie foimed at the end of the 



Fig 112—A complete biood gallery of Scolytus multistriatus in the bark of a 
diseased elm tree ( After McKenzie and Beeler ) 


laival tunnels, and when the adults matuie they boie cnculai 
holes m the baik thiough which they escape Theie aie usually 
one oi two bloods of the beetles, the second biood seiving to 
cairy the insect ovei wintei as laivae oi pupae undei the baik 
(Fig 109) The laigei European elm baik beetle (S scolytus) 
according to Fiansen (1939) has two to fom bloods pei yeai 
The xelationship between elm baik beetles and the Dutch 
elm disease is similai m many lespects to that between the baik 
beetles of comfeious trees and the blue stain of comfeis The 
chief point of diffeience is m the feeding habits of the adult 
beetles The pine bark beetles (Ips spy ) feed foi a time on 



232 INSECT TRANSMISSION OF PLANT DISEASES 


the old imiei bail befoie emeigmg and do not feed on the 
twigs befoie entenng a new tiee to establish biood tunnels 
This diffeienee m feeding habits is of gieat significance m the 
economic impoitance of the two diseases Both gioups of 
insects lequne weakened tiees foi the establishment of biood 
tunnels and usually attack such tiees m a gieganous mannei 
The pine baik beetles depend upon diought, file lnjuiy, 01 othei 
adveise factois foi piovidmg the weakened tiees The elm 
baik beetles, on the othei hand, by then habit of feeding on the 
tender twigs of vigoious, healthy tiees befoie bleeding m the 
weakei tiees, inoculate the vigoious tiees with the pathogen 
By the tame a new biood of insects emeiges fiom the infested 
tiees, the vigorous tiees that w r eie inoculated by the feeding 
beetles have been weakened by the fungus and piovide additional 
bi eedmg places f 01 the insect Thus a vicious cn cle is established 
that makes the elm disease destiuctive to vigoious tiees, while 
the blue-stain disease of pines lemams laigely a disease of tiees 
that have been weakened pieviously by some othei factoi 
The native elm baik beetle (H lufipes) laiely evei feeds upon 
the twngs of healthy tiees befoie entenng the baik of weakened 
ones to establish bi eedmg tunnels, and foi this leason it has been 
considered of relatively little impoitance as a vectoi Howevei, 
Ivaston and Riggs (1938) have shown that this species usually 
makes a shoit feeding tunnel thiough the baik of the tiunk and 
largei blanches of healthy tiees and feeds foi a while on the mnci 
baik (Fig 113) befoie establishing biood tunnels The sig¬ 
nificance of these feeding tunnels m the tiansmission of the disease 
has not yet been detei mined, but they aie of much potential 
significance Kaston (1939), who has published a complete 
account of the life histoiy and habits of this insect, considers 
them “analogous to the well-known ciotch and tw r ig feeding 
mjunes of Scolytus multistnatus , and hence impoitant m ielation 
to the spiead of the Dutch elm disease 39 

D L Collins (1938) has studied the feeding habits of S mul~ 
iistriatus from the viewpoint of its lole as a vectoi He has 
shown that the distubution of feeding wounds on tiees in genei- 
ally infested areas is very enatic In geneial, the tiees neai 
infested frees and those near weakened trees that aie attractive 
as bieedmg places are moie subject to feeding wounds, and 
consequently to infection, than those not so situated 
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The numerous associations between bark beetles and fungi 
that have been described suggest that the association is a general 
one, but the sudden appealance of the Dutch elm disease m 
western Euiope where the elm bark beetles have been known for 
a long time seems to indicate that this particular association is 
not one of long standing This view is further supported by the 
fact that S mulhstnatus , an active vector of the disease, was 
introduced into the Umted States m the vicinity of Boston, 
Mass , pnoi to 1909 (Chapman 1910) and became established 



Fig 113 —Shallow feeding tunnefs made by Hylurgopmus ritfipes m the bark 
of an elm tiee These tunnels are ne\ei extensive and are distinct from the 
bieedmg gallenes made m weakened trees A, a surface-view photograph, B, a 
diagiamniatic section of a feeding tunnel Note that the tunnel extends into 
the inner baik but not into the sapwood (Aftci Kaston and Riggs ) 


there, but the disease was not introduced with it However, 
when the same insect was introduced near Nev r York, N Y , after 
the disease had appeared m Europe, the disease also w T as brought 
m These facts suggested the theoiy (Leach 1935) that the 
Dutch elm disease as a serious economic factoi may have had its 
origin m Western Europe as a result of the association of the 
beetles with a new fungus w r hich ivas not a serious pathogen m 
the absence of a suitable vector The association of some sort of 
fungus with bark beetles appeals to be so general that it is only 
reasonable to suspect that C ulmi , because of its greater efficiency 
m providing breeding places for the beetles, is replacing a less 
efficient fungus symbiote In view of this very general associa- 
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tion of bark beetles with fungi, it would be interesting to know 
what fungi, if any, are associated with the beetles m regions 
wdiere the Dutch elm disease does not occur 

The discovery of Walter (1937) that there are nonpathogemc 
strains of C (< Graphium) ulmi suggests the possibility that the 
pathogenic strains may have ansen by mutation fiom a previously 
harmless fungus symbiote of the beetle If this were tiue, the 
nonpathogemc strains might be found associated with the beetles 
m the disease-fiee areas In so far as the author knows, no study 
of the fungi associated with the beetles m disease-free areas has 
been published 

The possible role of mites as vectois of the Dutch elm disease 4 
has been discussed by Jacot (1934, 1936) Tyroglyphid mites 
which are themselves transpoited m the hypopial stage fiom tree 
to tiee by insects that breed m the bark of infected tiees, aie 
potential vectois, but their importance m this respect was not 
determined by Jacot Fransen (1939), also, has desenbed the 
association of mites (Pseudotai sonemoides innumei abihs Vitzth ) 
with the elm baik beetles and C ulmi According to Fiansen, 
the mites transport the spores of the fungus from the egg galleries 
to the walls of the pupal chambers and, by then activity, stimu¬ 
late the fungus to sporulate more profusely than it does m the 
absence of the mites For a moie complete discussion of mites as 
vectors of this and other diseases, see Chap XI 

The association of a destructive plant disease such as this one 
with insect vectois adds much to the complexity of the problem 
of control Attempts are being made to eradicate the Dutch 
elm disease m the United States In Holland and other Eui opean 
countries, earnest efforts are being made to protect the remaining 
elms by controlling the beetles and protecting the elms against 
beetle attack The success of these effoits depends upon many 
factors, one of the most important of winch is a thorough knowl¬ 
edge of the pathogen, its vectors, and the intricate association 
of the two Because of the economic and aesthetic value of the 
elm, extensive and thorough investigation of the disease is 
imperative 

Fig Diseases —In California, the fig is affected by a group of 
diseases commonly refened to collectively as “fruit spoilage 
diseases ? These diseases are largely dependent upon insects 
for their spread and development They are destructive and 
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often cause enormous losses The thiee most common diseases 
are endosepsis , smut, and souring 

Endosepsis, an internal rot of the fig fruit, was first recognized 
and described by Calebs (1925 1927), who studied it m California 
from 1922 to 1925 The disease was prevalent and destructive 
m 1927 and has been troublesome since then Endosepsis affects 
only the capnfied fig, and the fig wasp ( Blastophaga psenes L ) 
(Fig 114) is the principal vector of the fungus pathogen 
(Fusanum momhforme var fici) 



Fig 114 —The fig wasp (Blastophoga psenes ) a, female b, male c, a male 
and female emeigmg fiom galls from a capnfig The female is mipiegnated by 
the male before she emerges from the gall On lea\mg the fiuit the female 
becomes dusted with pollen from the staminate flowers that surround the opening 
If the fiuit is diseased the insect maj also become contaminated with spoies and 
transport them to healthy fruits of the edible fig ( After Smith and Hansen ) 

In older to understand the ielation of the insect to the disease, 
it is necessary to know the hfe history of the insect and its rela¬ 
tionship to the development of the fig fruit This lelationship is 
briefly and clearly presented by Smith and Hansen (1931) The 
fig u fruit” is m leahty an aggregation of fruits borne m the cavity 
of a hollow receptacle, known botamcally as a “synconium” 
(Fig 115) The capnfied fig of Califorma is of the Smyrna type, 
and is a dioecious, msect-pollinated plant The syncomum that 
becomes the edible fruit beais no pistillate flowers, whereas the 
capnfig has both male and female The capnfig has thiee ciops 
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of fiuit each yeai The fiist 01 spung crop is called the “pro- 
fichi/ J the second 01 summei ciop the “mammom/’ and the third 
or fall crop the “mamme ” 

The Blastophaga insects live over winter m the galls or enlaiged 
florets of the mamme crop In early spring, the male Blastophaga 
emerge from the galls and feitilize the females while the lattei 
are still m the galls (Fig 114) Aftei the females ha\e been 
fertilized, they emerge, leave the old mamme fruits, and enter the 



Fig 115 —Endosepsis of Calimyrna figs A, a sound fig fruit consisting of a 
hollow fleshy receptacle with an aggregation of flowers oi fiuit ansing from its 
inner w all, B , an earl\ stage of endosepsis with only the flow ei s u ound the “ eye ” 
affected, C — E , more advanced stages of endosepsis, F, external Mew of a badly 
diseased fruit (After Smith and Hansen ) 

young developing profiehi crop Heie they oviposit m the ovules 
of the young floweis The eggs hatch, and the laivae develop 
and pupate m the galls formed from these flowers This new 
biood of insects is ready to emerge in early summer v hen the 
crop of figs on the edible-fig trees is developing When the 
female insects leave the profiehi figs, they mb against the stami- 
nate flowers which surround the opening m the fruit and become 
covered with pollen (see Fig 24) The insects cairy the pollen 
into the undeveloped edible fiuit and pollinate the flowers while 
seeking a place to oviposit Opposition, however, is not effected, 




INSECTS AND FUNGUS DISEASES 


237 


because the styles of the flowers m the edible fig are too long 
The floweis, however, aie successfully pollinated, and the fruits 
develop noimally Some of the insects enter the third, or 
mamme, ciop of figs where they pass the wmtei as larvae or pupae 
m the galls Various kinds of special manipulation are practiced 
by gioweis to ensure eapufication of the ciop of edible figs 
Usually the piofichi crop is collected when the females are ready 
to emerge, and the figs are hung m wne baskets m the branches 
of the edible-fig trees 

Endosepsis is a firm dry rot of the fig fruit (Fig 115) It is 
not easily detected from the exterior until the fruit begins to 
upen The affected tissues are w at ei-soaked at first, becoming 
biown with a tinge of pink color In later stages, the fruit is 
diy, seedy, and tasteless There is no fermentation or souring 
of the tissues associated with endosepsis 

Caldis has shown that the spores of the pathogen are introduced 
into the edible fig by the Blastophaga insect The fungus infects 
and sporulates also m the tissues of mamme and piofichi fruits 
The insects aie usually contaminated with the spores as they 
emerge fiom the infected fruits The fungus is not associated 
with the eggs, larvae, or pupae The adults are contaminated 
only aftei they emerge from the galls Caldis proved experi¬ 
mentally that figs pollinated by insects from nomnfected capnfigs 
i emam healthy, but w r hen pollinated by insects that come from 
infected capnfigs the fruit becomes diseased with endosepsis 
Two species of bacteria aie constantly associated with the fungus 
and aie also disseminated by the insect, but neither species 
appeals to be pathogenic The fungus ( Fu&anum monihfoi me 
■\ar fici ), however, is pathogenic w r hen used m pure culture as 
inoculum 

Hansen (1927, 1928) demonstrated that capnfigs could be 
successfully disinfected without injury to the insects by washing 
the mteiioi of the fiuit with a 0 2 per cent solution of Semesan 
while the insects w eie stiil m the galls m the larval or pupal stages 
This tieatment appealed to be practical when apphed to the 
mamme crop so that the profichi crop would be infested with 
noncontammated insects 

Some success m the control of endosepsis has been obtained m 
the use of the treatment by the growers In 1928, an effort w T as 
made to use the method on a large scale under state supervision 
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More than 60 tons of the mamme crop was collected and sent to 
a central station where it was treated and incubated until the 
Blastophaga emerged to be caught m glass tubes and returned to 
the orchard for capnfication of the piofichi crop The effoit 
appears to have been somewhat premature for such laige-scale 
operation, and although there was some evidence of conti ol of 
the disease, the project was not entirely successful The disease- 
control program resulted m a scarcity of insects for pollination, 
and there was a very poor set of fruit The loss from the shoit 



Fig 116 4. fig fruit affected with ‘ souring ” Note the exudate fxom the eye 

(After Smith and Hansen ) 

crop offset the gam through disease control With more experi¬ 
ence and better technique, the control through disinfection of the 
mamme crop may prove practical 

Souring is a term applied to the fermentation of the sugary sap 
of figs by two or more species of yeast and the resulting decom¬ 
position and contamination by bacteria and molds Sounng 
affects both the common parthenocarpic fig and the capnfig, but 
it is most typically a disease of the former which, because of its 
independence of the fig vasp, is not affected by endosepsis The 
disease Is often very destructive, sometimes causing a loss of 
more than 50 per cent of the crop 
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Souring is a disease of the ripe fruit The normally pmk flesh 
loses its color and becomes w ater-soaked and translucent Odors 
chaiaeteristic of alcoholic fermentation followed by that of acetic 
acid aie characteristic Gas bubbles form m the pulp, and a 
jellyhke exudate flows from the “eye” (Fig 116) A white scum 
of yeast is often evident on the surface of the affected tissue 
When the fruits dry before destruction is complete, the base of 
the fruit dries to a black shriveled mass to which the term “black 
neck” is often applied Small cankers are formed on the stem 
at the point of attachment if the fruit does not drop 

The work of Smith and Hansen (1927), Caldis (1930), and 
Hansen (1929) has shown that the yeasts responsible for souring, 
as well as the secondary fungi that follow, are introduced largely, 
if not entirely, by insects The most important of the vectors of 
souring are the dned-frmt beetle (Caipophilus hemipterus L) 
(Fig 117) and the fruit fly (Di osophila ampelophila Leow ) 
Both these insects feed on, and breed m, decaying citrus fruits, 
melons, etc, wheie they have ample opportunity to become 
contaminated with yeast When the “eye” of the fig is open, 
these insects enter m search of food and cairy the yeast and 
fungus spores with them The disease has been produced by 
caging the dned-frmt beetle with healthy flints, and flints have 
been protected from the disease by excluding the insects Caldis 
(1930) has shown that the yeasts are transported both externally 
and internally by the dned-fruit beetle 

Hansen and Davey (1932) have demonstiated that several 
species of thnps and mites enter young fruits even before the eyes 
are “open” and that they introduce spores of several different 
species of mold as well as a few yeasts m about 15 per cent of the 
cases Unsuccessful attempts to introduce spores into the 
intenor of the figs by forcibly blowing them against the eye with 
an atomizer strengthen the conclusion that insects are the chief 
agents of inoculation and that wand is of little importance 
Because the dned-frmt beetle as well as the fruit flies breed m 
decaying fruits, the destruction of any w T aste frmts that might 
serve as breeding places is recommended as the most important 
control measure 

Smut of figs is not a true smut but a mold, being caused by a 
strain of Aspergillus mger It is one of the oldest and best known 
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diseases of the fig It has been known m Southern Euiope foi 
many yeais and is mentioned m the earliest lccoids of the fig 
industry All kinds of fig aie affected, but smut is most common 
on capnfied figs 

In the earlier stages of smut, small, biown, soft spots aie 
formed on the interior flesh In later stages, when the fruit is 
npe or even after drying, masses of black spores aie foimed 
Through the work of Hodgson (1918) and Phillips, Smith, and 
Smith (1925), it has been proved that the spores of Aspeigillus 



Fig 117 Dried-fruit beetle (Carpophilus hemipterous) emei gmg fi om a decay¬ 
ing orange fruit Such insects are thoroughly contaminated with yeasts, molds, 
and other microbes When they entei the fig fruit, diseases such as souimg or 
smut usually follow ( After Smith and Hansen ) 

are introduced into the figs chiefly by the dned-fnut beetle (C 
hermpterus L ) (Fig 117) and to a lessei extent by D ampelophila 
Leoi\ According to Hansen and Davey (1932), thnps and mites 
enter the very young fnuts, and it has been shown that they may 
introduce spores of Aspeigillus as veil as other fungi 
The contiol of smut, hke the control of souimg, depends upon 
reducing the number of contaminated beetles and thnps that 
reach the fig fnuts The destiuction of waste frmts that serve 
at > bieedmg places for the beetles and the fungi is lecommended 
Perennial Canker of Apple and the Woolly Aphis—In 1925, 
Zeller and Childs descnbed a disease of apples m Oregon caused 
by a fungus, which they named Gloeosponum perennans The 



INSECTS AND FUNGUS DISEASES 


241 


disease causes both a rot of the fruit and a canker of the branches 
The cankeis arc chaiactenzed by successnely formed concentric 
lings of callus growth (Fig 118) The fungus grows actively m 
the cankeis during the late winter months, when the callus formed 
the pievious season is invaded and killed In the summer, the 
pathogen is inactive, and the canker heals, forming a new r ring 
of callus which m turn is killed by the fungus the following winter 
This progressive, year-to-year expansion of the canker led Zeller 



Fig 11S —X laxge peienmal canker of apple shoving the numerous annually 
formed callus ungs Aftei each gear’s growth of callus the pathogen is com¬ 
pletely walled off and reinfection is dependent upon the feeding wounds o± the 
wooly aphis (After McLarty ) 

and Childs to name the disease “perennial canker ” Childs 
(1929) and McLaity (1933) demonstrated that in spite of the 
perennial chaiacter of the canker the infection is really annual m 
nature They showed that m summei, when a new callus was 
being formed, the pathogen w r as completely shut out of the living 
tissues so that a new infection w as necessary for the further expan¬ 
sion of the canker Since the fungus may live for several years as 
a saprophyte m the dead baik and may sporulate abundantly, it 
is universally present m old cankers but is unable to reinfect 
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without the aid of some wounding agency McLarty (1933) has 
shown that the necessary wounds are provided by the w'ooly 
aphis (Schizonewa lamgera Hausmann) which commonly feeds 
on the newly formed callus tissue (Fig 119) Small blisterlike 
galls of delicate tissue are formed where the aphids feed Upon 
freezing, these galls rupture and provide the wounds through 
which the fungus reinfects 

The original, or primary, infection of the blanches occuis 
chiefly through pruning w r ounds and usually follows aphid infesta¬ 
tion of the callus foimed on the w ound Small “ button cankei s ” 



Fig 119 —T^o >oung perennial cankers showing the Tvooly aphis feeding on the 
tender callus tissue (After Childs ) 


are often pioduced as a result of dnect infection through the 
lenticels, but these aie very superficial and, because they aie 
not attractive to the aphids, usually persist foi only 1 year and 
then heal ovei completely There is no expenmenral evidence 
to show- that the aphids disseminate the fungus, but it is believed 
by many obseivers that they do so to some extent 

The life history of the wmolly aphis is somewdiat complicated 
and is not completely knowm It can live on both the roots and 
the aboveground parts of frmt trees as wrell as on the foliage of 
the elm, w T here the winged forms and the egg-laying generation 
occur Eggs are deposited m crevices of the elm bark where 
they survive the wrntei and hatch m the spung The insects 
map also survive the wrntei as adults m the cankers on apple 
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trecb Small swellings aie caused on the loots of the apple 
trees, but these aie soon destioyed by decay The cause of this 
decay of infested roots has never been determined 

The association of the woolly aphis with this disease is not 
entnely foituitous, for there is a measure of mutuahstic symbiosis 
involved The devices and old bark of the cankers provide 
protection foi the aphids against piedators, parasites, and other 
unfavoiable factors of the envnonment (Fig 120) In turn, 
the aphids provide the wounds necessaiy for reinfection, and 



Fig 120— A, peienmal cankeis aftei 1 year’s growth, still ccrveied with the 
dead bark, B, the same cankeis with dead bark iemo\ed to show the wooly 
aphis to which the cankei affords both food and sheltei ( After Childs ) 

m the expansion of the canker and the i exulting callus additional 
food and piotection foi the aphids aie piovided Thus the 
insect and the fungus aie mutually benefited by the association 
A knowledge and appieciation of the part played by the aphids 
m the development of the cankeis have helped m the control 
of the disease Control of the cankei has been accomplished 
largely through the conti ol of the aphids More rigid inspection 
of nursery stock for aphid infection is piacticed, and aphids are 
controlled m the orchaid by spiaymg and by cleaning out the 
old cankers, so that the protection for aphids will be reduced to 
a minimum Cankeis formed by stub pruning offei less piotec- 
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tion foi the aphids than those foimed by close piunmg, and stub 
piumng therefoie is lecommended In Oiegon, when cankei s 
aie cut out latei than Eebiuaiy, no extension of the cankei 
takes place, foi the incipient infection is iemo\ed, and new, 
vigorous, uninjured callus giowth follows It has been obsen ed 
that the Noithern Spy variety is resistant to the aphid and is 
also lelatively free from perennial canker 

European Canker and the Woolly Aphis —Although the details 
of the association have not been worked out so thoioughly as 
they have with respect to perennial cankei, evidently a similai 
relationship exists between the Euiopean cankei and the woolly 
aphis European cankei caused by Nectna galhgena is essentially 
the same type of canker, the pathogen becoming active m late 
vmter and the cankei healing m summei The close association 
of these insects with the European cankei has been obsei \ ed foi 
a long time, but their impoitance m the development of the 
cankei has not been extensively studied Wiltshne (1915), 
however, described the galls made by the aphids when feeding 
on the callus m the cankers and concluded that infection pi obably 
occurred thiough the wounds made by the collapse of the galls, 
rathei than thiough the earliei feeding punctuies He also 
noted that cankers usually occui m the yeai following that of 
heavy aplnd infestation Cotton (1918) discussed the probable 
relationship of aphids to the canker as follows 

Probably one of the most frequent methods by which the fungus gams 
admission is through injuries caused by the wholly aphis The soft, 
swollen tissue produced by the aphids is very apt to become cracked 
during the wunter and it is probable that when the aphis returns the 
following season to the wounded aiea, Nectna spores are attached to 
their bodies and introduced into the cracks with the aphis 

Cunningham (1923) has reported m New Zealand a cankei of 
apple caused by Diplodia griffom He concluded that infection 
is effected chiefly through wounds made by the woolly aphis 
and that the fungus is also disseminated to a great extent by the 
insect The relationship between insect and fungus is piobably 
very similai to that described foi perennial cankei 

Bees and the Downy Mildew of Lima Beans —Sturgis (1898) 
has shown that bees are the principal agents m the dissemination 
of downy mildew of lima beans, caused by Phytophthoi a phaseoh 
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Thaxter The disease, which was first described by Thaxter 
m 1889, was lepoited as very destructive in wet seasons m 
Connecticut Stuigis (1898), following a severe outbieak of 
the disease m 1897, lepoited that one of the most senous aspects 
of the disease was the infection of the young ovary befoie the 
fall of the blossoms Caieful obseivations led him to conclude 
that bees, which noimally pollinated the flowers, were largely 
lesponsible foi this floral inoculation He noted that the young 
pods became infected only at the base of the ovaiy and on the 



Fig 121 —Bean blossoms showing the method of inoculation with downy mil¬ 
dew (.Phytophthora phaseoli) through the agency of bees Jl, a normal flow er with 
all parts m position before pollination, B, a flower with keel depiessed and style 
protruded after it has been \isited by a bee, C, a sectional \iew of the flower wnth 
petals remoied to show o\ary, D, ovary from an infected flower showing mildew 
growing and fiuitmg on the st^le and at the base of the o\ aiy, the tvo points of 
contact with the insect (After Sturgis ) 

style and that these were the two points where the bee m seaich 
of nectar touched the moie moist and delicate tissues of the 
flower 

A good visualization of this lelationship can be had by an 
examination of the flovei parts shown m Fig 121 When a 
bee alights upon the flower, its weight deflects both the wings 
( B ) and keel ( C ) and causes the style to piotrude from the keel 
and to touch the bee In seeking the pollen, the bee’s head 
brushes the base of the ovaiy This is an adaptative mechanism 
that ensures pollination, but it also facilitates the inoculation of 
the young pod with the spores of Phytophthoi a phaseoli The 
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style and the base of the ovaiy are fully protected by the petals 
until exposed by the bees m this way, but it is at exactly these 
points that the young pods aie infected by the fungus 

Plant Bugs and Stigmatomycosis—A characteristic type ol 
injury to plant tissues, associated with the feeding punctuies of 
many species of plant bug, has been recognized for many years 
The injury generally has been attributed to the toxic effect 
of the salivary secretions of the insect, but more recent investiga¬ 
tions have shown that, m many cases, it is caused by micro¬ 
organisms introduced into the plant tissues by the insects while 
feeding 

Nowell (1917a, 19176, 1918) apparently was the fiist to point 
out the true natuie of the injury associated with the feeding 
punctuies of certain of these insects He investigated the inter¬ 
nal diseases of cotton bolls m the West Indies and showed that 
the staining of the lint was caused by four yeastlike fungi, 
the most important of which were two species of Nematospora 
These fungi were found abundantly internally, m immature 
unopened bolls on which theie was no \isible surface infection 
The disease was pioduced experimentally by subjecting healthy 
bolls to the feeding of tw T o genera of plant bug, the cotton 
stainers (Dysdercus spp ) and the green bug ( Nezara vmdula L ) 
Two other insects [Leptoglossus bolteatus and Phthia picta (Dxuiy)] 
were incriminated but w T ere consideied of less importance 
than the first tw r o No other natural method of inoculation was 
found When \ery young bolls aie fed upon, they diop off, 
oldei ones remain attached, but the lint is stained Stringent 
efforts to control the bugs lesulted m fair control of the disease 

The nature of the association of the fungi with the beetles 
was not deteimined by Nowell There is some evidence that 
there are some individual bugs which do not introduce the fungi 
when feeding A slight prolifeiation of the tissues about the 
point of puncture is the only visible effect of the feeding of such 
insects The wmy m which the fungi survive the winter, the 
source of contamination of the insects, and the extent of the 
association m the various stages of the life history of the insects 
were not determined 

The life history and habits of the principal plant bugs that are 
injurious to cotton bolls have been described by Morrill (1910). 
The cotton stainers oviposit m the soil, and the eggs hatch m 
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about 8 days Theie are five nymphal instars, all of which are 
capable of transmitting the fungi From 45 to 50 days is i equned 
for the completion of the cycle 

The fungi of stigmatomycosis weie studied in moie detail by 
Ashby and Nowell (1926), who identified foui species ( Spermoph- 
thora gossypn A and N , Ei emothecium cymbalamae Borzi, 
Nematospora gossypn A and N , and N coryh Peglion) Of 
these, N gossypn and N coryh weie most commonly associated 
with the disease of cotton bolls These workers were the first 
to apply the term “ stigmatomycosis ” to the disease 

The woik of Nowell, who demonstiated that the disease was 
caused by fungi transmitted by plant bugs, was soon verified 
and extended by seveial woikeis m diffeient parts of the world 
Laycock (1925) demonstrated the association of D supe? stitiosus 
and othei species of plant bug with N gossypn m the pioduction 
of the disease m Nigeria Rhmd (1927) found the disease m 
Burma, caused by N gossyp^l and N coryh to be disseminated by 
D cmgulatus A Hansford (1930) proved that N gossypn 
was disseminated and introduced into cotton bolls by Dysdercus 
spp m Uganda and pointed out that the young nymphs weie 
not able to transmit the fungi into the bolls Moore (1930) 
lepoited similai lelationships m South Afnca between N 
gossypn and N coryh and D fasciaius and D mgrofasciatus 
The fungi were found also m spots on several kinds of beans as 
well as other plants fed upon by the insects Steyaeit (1934) 
descubed essentially the same relationship m the Belgian Congo, 
and Pearson (1934) reported extensive studies m the Transvaal 
and added D inter medius as a vectoi Important contributions 
to the study of stigmatomycosis m South Afnca have been made 
by Ullyett (1930) 

The relationship of fungi to the mjuiy to cotton associated 
with the feeding of Hemipteious insects has received veiy little 
attention m the United States Cassidy and Barber (1939), 
however, have called attention to the injury caused to cotton by 
these insects m Anzona where they estimate an average loss of 
five dollars per bale Fifteen different species of Hennptera 
were found to feed and breed on cotton, but most of the injury 
was caused by eight species, the most important of which were 
three Pentatomidae, namely, Euschtstus impictiventns Stal, 
Chlorochroa sayi Stal, and Thyanta custator (F) In discussing 
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the natuie of the m]uiy these authois state, “The most con¬ 
spicuous mjmy, and the damage most keenly lealized by cotton 
gioweis, consists of the puncturing of the bolls, followed by the 
development of severe lint staining by introduced pathogenic 
organisms ” 

Wmgard (1922) described fiom Virginia a “yeast spot” of 
lima, beans and ccrwpeas caused by N phaseoli Wmgaid and m 



Fig 122—The green stmhbug (Y ezara hilans Say), the \ectoi of stigmatomj,- 
cosis oi jeast spot of lima beans, natural size and appio\ 4 X ( After Undei hill ) 

1925 reported pi oof of its dissemination by the gieen stink- 
bug (.Nezaia hilans Say) (Fig 122) The bugs feed upon the 
pods, then beaks penetiatmg the young seed Blown, sunken, 
neeiotxc lesions aie foimed on the seed (Fig 123) Usually 
only the seeds are affected, but when the bugs feed on veiy 
young pods the neciosis is moie geneial, and the entue pod 
shrivels and falls off (Fig 124) The life history of the bug 
and a good description of the injury caused are given by Undei - 
hill (1934) Wmgard failed to isolate the pathogen fiom the 
bug but claimed that failure was due to faulty technique No 
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study was made of the source of contamination of the bugs 01 
the method of suivival of the fungus ovei winter 

The bugs hibernate as adults undei leaves and glass on the 
giound They become active m late June and begin oviposition 
Eggs are deposited on the suifaee of leaves, flints, 01 limbs of 
certain piefened wild hosts, especially Amencan elder (Sambucus 
canadensis L), black locust (Robima pseudoacacia L), and 
honey locust ('Gleditschia tnacanthus L) Oviposition may 
continue throughout the summer, reaching a peak m the middle 
of July The eggs hatch m about eight days There are five 



Fig 123 —Three hma-bean seeds showing the brown necrotic lesions caused 
b> the yeast (Nematospora phaseoli) inoculated through the pods b> the green 
stmhbug (Nesara hilans) (After Underhill ) 

nymphal mstais lequirmg about five weeks foi complete develop¬ 
ment Theie is only one biood each season The disease 
apparently may be transmitted by any stage of the insect 
although the mfoimation on this point is not complete 

Beans aie not the prefeired host of the insects, they usually 
migrate to beans from the piefened wild hosts The black 
locust, red bud, and hnden trees aie the most impoitant m this 
respect, and it is i ecommended that beans should not be planted 
less than 100 yaids distant fiom these trees If piactical, such 
trees should be lemoved 

Lee (1924) and Fawcett (1929) have described a disease of 
eitius fiuits caused by N coiyh which they call “mspissosis” oi 
“dry rot” Fawcett (1929) showed that the pathogen w r as 
transmitted from pomegianates to eitius fruits by the leaf¬ 
footed plant bug [Leptoglossum zonatus (Dali)] The disease 
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was experimentally tiansmitted by placing the insects, taken 
from infected pomegranates, on sound oranges and lemons m 
jais m the laboratoiy The fungus was leadily isolated from 
fruits inoculated by the bugs m this way Attempts to isolate 
the fungus fiom the beaks of several individual bugs weie not 
successful Weber (1933a) has reported N coryh and N 
gossypn from citnis and several other diffeient fruits m Flonda 


1 



Fig 124 —Lima-bean pods shed from a single nne as a iesult of yeast tians¬ 
mitted by the green stmkbug (After Underhill ) 

Stigmatomycosis, in some foim, piobably occuis on all plants 
on w T hich the vectois feed 

W eber (19335) has descubed a kernel spot ot pecan caused by 
N coryh and has observed its association with the feeding punc¬ 
tures of Nezaia vindula This was latei venfied by Demaiee 
(1922) who suggested that “ the pathological iesult may be caused 
the mechanical luptuung of the host cells by the sucking up 
of the plant juices, by the injection of toxic substances into the 
tissues, oi by the combined result of all three types of injury ” 
In view of the described associations between the plant bugs and 
Nemaiospora throughout the woild. it is quite piobable that 
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kernel spot of pecans is a stigmatomycosis, m all respects similai 
to that on othei plants and that Nezara vmdula is the principal 
vector Complete experimental proof, however, has never been 
established 

Wallace (1932) descubed a similar disease on the coffee bean 
which he showed was caused by N gossypn and N coryh The 
fungi m this case were transmitted by the bug Antesha 
hneaticollis 

When one considers the injuries caused on many cultivated 
plants by plant bugs of this type, it seems piobable that much of 
the mjuiy may be due to fungi introduced by the bugs while 
feeding The universal association of species ol Nematospoia 
with the insects m such widespread regions of the w r oild wmuld 
suggest that the association is more than a casual one A thoi- 
ough study of the possible symbiotic relationships betw een insect 
and fungus should be made It is significant that no satisfactory 
explanation of the method of suivival of the fungi ovei winter has 
been offeied by any woikeis on the disease The question of 
wdiethei the fungus is constantly associated with the insects 
throughout then life histoiy 01 whether they pick it up from some 
unknown souice has nevei been answeied The pioblem of 
stigmatomycosis is m need of much moie investigation 

The Anther Smut of Pinks —The bettei known smut diseases 
affect members of the glass family, all of which aie wund-polli- 
nated Those smuts wdnch infect glasses thiough the floial 
organs usually form spores at flow T enng time which, like the pollen 
giams, are dependent upon wnnd foi their dissemination Theie 
are a few smuts that infect through the floral oigans of insect- 
pollmated plants In these cases, the smut spoies aie specially 
adapted to insect tiansmission The anthei smut of pinks 
( Caiyophyllaceae ), caused by Ustilago violaceae , is the best known 
example of the msect-tiansmitted smuts The phenomena of 
infection m V violaceae have been descubed by Biefeld and 
Falck (1905) 

The spoies of the fungus aie foimed m the antheis of infected 
plants, where they replace the normal pollen giams The fungus 
infection is systemic, and although all flow eis on an infected plant 
are usually smutted, the spores are formed only m the anthers 
The spores are approximately the same size as the pollen grams, 
but darker m color They are, like the pollen grams, somewhat 
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sticky and aie not easily scatteied by the wind The floweis of 
the host plant open m the evening and lemam open after daik 
Pollination is bi ought about by seveial species of sphinx moth 
that visit the floweis m search of nectai When an infected 
flow er is visited, the insect becomes contaminated with the smut 
spoies, which it tiansmits eventually to the stigmatic suiface of a 
healthy flow r ei The spoies find the stigmatic secietions a favoi- 
able medium foi geimmation and growth The infecting 
mycelium penetrates the young ovaiy but does not destroy it 
When the seeds fiom such infected flowers aie planted, they 
produce systemically infected plants, all the floweis of which 
produce only smutted antheis 

This disease is a striking illustration of the adaptation of a 
fungus to insect transmission The association is probably a 
a ery old one and may have evolved along with the host and its 
adaptation for insect polhnation 

Blossom Blight of Red Clover —This disease, caused by 
Botiytis anthoyhila Bond, was first obseived m Russia by 
Bondaizew (1913) It has been obseived more recently in Wales 
and has been descubed m some detail by Silow (1933) The 
fungus fruits on the antheis of affected plants where the yellow 
pollen giams aie destioyed and replaced by giay spoies of the 
fungus (Fig 125) Usually, all the floiets on the clover head aie 
affected, but occasionally some noimal antheis aie produced 
The vigoi of the plant is not unpaired, the blighted antheis con¬ 
stituting the only visible symptoms The greatest economic 
importance of the disease results from the decreased yield of seed 

Bondar zew' (1914) obseived bees visiting infected florets and 
suggested that they w'eie vectors of the disease Similai obseiva- 
tions weie made by Silow, who demonstrated expenmentally that 
bees were the principal vectois Red clover is largely dependent 
upon bees foi pollination, and the bees, m seaichmg for nectai 
m infected floweis, become contaminated with spoies, transmit¬ 
ting them to the stigmatic surfaces of healthy floweis The 
spoies germinate and penetrate the style (Fig 125c), the 
mycelium eventually leaching the ovaiy The ovary is not 
destioyed but develops normally The mycelium, howevei, 
persists under the seed coat (Fig 125d), where it remains dormant 
until the seed sprouts When the seed geimmates, the mycelium 
begins to grow and systemically infects the young plant The 
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giowth of the fungus keeps pace with the plant, and when flowers 
aie pioduced on the new plant, the mycelium penetiates the 
antheis and spoiulates (Figs 125a and b) 

The transmission of anthei blight by bees closely parallels the 
transmission of anthei smut of pinks by the sphinx moth, and 
both associations lesemble veiy much the bettei known phe¬ 
nomena of insect pollination The life habits and methods of 
finotification of both pathogens aie obviously adaptations fox 

fiQrKmKurm 



Fig 125— Botrytis anthophila a, a blighted anthei on uhich the fungus is 
fruiting, h, an enlaiged spoiophore showing ho^ the spores aie borne, c, a stigma 
of a clo\ei blossom shoeing pollen giams and Botijtis spores germinating and 
penetrating the sUle, d , a section thiough the seed coat of a clo\ei seed showing 
the mycelium of the fungus ( After Silow ) 

Tree-cricket Canker of Apple—Panot, Glojei, and Fulton 
(1915) and Gloyer and Fulton (1916) descnbed a cankei of apple 
trees that was associated with the opposition punctures of tree 
crickets (Fig 126) They showed by experiments that the 
cankers v r ere caused by Leptosphaena comothyrium (Fckl) Sacc 
and that the disease was transmitted by tiee clickers They 
called the cankei “tiee-cncket cankei ” The fungus causes 
also a cane blight of laspbeny that is often transmitted by the 
same insects In the course of the study of transmission of this 
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cankei disease, it was found that the ticc cnekets disseminate 
othei species of fungi and that they axe piobably conceined m the 
spiead of seveial diseases 



Fig 126 —A typical tree-cucket cankei on an apple branch The light 
spot m the center is the opposition puncture 'wheie infection took place (Aftei 
Gloyer and Fulton) 



Fig 127 —A tree cricket (Oecanthus mveus ) m the act of oviposition {Redrawn 
after Parrot and Fulton ) 


In order to undei stand cleaily how the tiee cuckets transmit 
the disease, it is necessary to know something of the life history 
and habits of the insects A good description is given by Pairot 
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and Fulton (1914) The role of two species as vectors was 
studied extensively by Gloyei and Fulton (1916) These were 
Oecanthus mveus De G , the snowy tiee cncket, and 0 angusti- 
penms Fitch, the nai low-winged tree cricket, the most pievalent 
species on apples m New Yoik In late summei, these insects 
oviposit m branches and twigs of apple tiees 0 mveus oviposits 
chiefly m blanches 1 to 2 inches m diametei while 0 angusti- 
pennis selects smallei branches ranging fiom to inch m 
diametei The female fiist chew^s a hole m the outei baik, then 
mseits her ovipositoi, deepens the hole, and deposits an egg (Fig 



Fig 128 —The method of ouposilion oi txie snowj tiee cricket -4, an apple 
twig with a portion of the baik remo\ed to show egg punctures (approx l 1 i X) 
B an egg (approx 20 X) C, a section through an egg puncture showing egg m 
place and the plug of feces with which the hole is closed (approx 16 X) (After 
Parrot and Fulton ) 

127) A diop of mucilaginous fluid is secieted on top of the 
egg 0 mveus coveis the egg and plugs the hole with a pellet 
of feces, and 0 angustipenms uses a pellet of chew T ed baik, usually 
taken fiom diseased tissue (Fig 128) 

Tiee cnckets aie omnivorous feedeis, eating any oigamc mate- 
nal of sufficient softness, including soft insects such as aphids and 
scale insects They also feed on decaying plant tissue and the 
associated fungus spoies and mycelium Microscopic examina¬ 
tion of adult tree cnckets show T s abundant spoies of many fungi on 
all paits of the body Viable spoies of many species of fungus, 
including L comothynum , aie found abundantly m the intestinal 
tracts and m fecal pellets Fi om these facts, it is evident that the 
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act of opposition is an effective means of inoculating the apple 
twigs with the pathogenic fungus Not all oviposition punctilios 
lesult m cankeis, but enough of them aie mtected to make the 
insect a \ ectoi of majoi impoitance The eggs do not hatch until 
June of the yeai following oviposition, and theie is only one bi ood 
m the legion of New Yoik 

Because of the ommvoious feeding habits of the insects and 
then pieference for soft decayed tissues, it is piobable that they 
aie to some extent vectors of othei diseases Gaiman m Ken¬ 
tucky, as early as 1904, leported brown rot of peaches developing 
fiom the feeding wounds of tree cuckets on peaches and plums 
and black rot from feeding wounds on grapes Urbahns (1923), 
also, leported destructive outbieaks of brown rot m California 
following the feeding punctuies of these insects Both the feed¬ 
ing and bieedmg habits of the tiee cuckets make them potential 
\ ectoi s foi many plant diseases They should be looked upon 
with suspicion wdien they aie found associated with almost any 
plant disease 

Chestnut Blight—The Endoihia cankei of chestnut, oi chest¬ 
nut blight, was fiist discoveied m one of the paiks of New Yoik, m 
1904, piesumably having been mtioduced fiom the Oncnt on 
impoited Japanese chestnut trees It is caused by Endoihia 
parasitica (AIun ) Andeison and Andeison, an Ascomycete of the 
order Sphaenales The fungus produces a rapidly developing 
cankei of the twigs, branches, oi tiunk of the tiee Infection is 
usually fatal, leading to the death of the tiee m a ldatively short 
period of time The chestnut-blight pathogen has been thoi- 
oughly descubed by Sheai, Stevens, and Tillei (1917) The 
disease has spiead lapidly thioughout the lange of the chestnut 
m the eastern United States, m the couise of less than 25 yeais 
after its discoveiy, it had destioyed almost the entue stand of 
native chestnuts m Noith Amenca A stienuous campaign was 
waged to eradicate and check the spiead of the disease, but all 
efforts weie m vain It spiead so lapidly that no piactical 
means of checking it w T as evei discoveied In the couise of this 
eradication campaign, it is only natuial that considerable atten¬ 
tion should have been given to the vaxious methods of spoie 
dissemination which enabled the disease to spread so quickly 

Fiom the very beginning of the study of the disease, insects 
were consideied as important agents m disseminating the spores, 
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but the idea was based laigely on obsenations and mfeience 
Rankin (1912) stated that ‘Reasoning by analogy with what is 
known of the behaxioi of many fungi, such agencies as boieis, 
buds, ants, and the wand, etc , have been suggested but m no 
wise pioved to be responsible ” The most extensive study of 
insects as possible vectors of the disease w T as made by Studhaltei 
and Ruggles (1915) Heald, Gaidner, and Studhalter (1915) 
demonstiated that although the ascospoies wei e leadily dis- 



Fig 129—A bianch affected -with chestnut canker shoeing the extrusion of 
spores from the p>cmdia m long stickj- spoie horns ’ These spores adhere 
icadily to insects and birds and maj be earned for long distances them 

Local dissemination is accomplished most ieadil^ through lain water (Aftei 
Heald ) 


semmated by wind, the pycmdiospoies w T eie not so well adapted 
to wind dissemination, being evtiuded m long, sticky spoie horns 
that become haid on diymg (Fig 129) The spoies w eie shown 
to be bettei adapted to dissemination by w'atei and insects 
Studhaltei and Ruggles studied the spoies found on about 
seventy-five individual insects lepiesentmg about tw T enty-five 
diffeient species, all taken fiom chestnut-blight cankeis The> 
found that about 30 pei cent of them earned spoies on then 
bodies, and they concluded that the insects w T eie of importance as 
vectois of the disease 
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The conclusions of Studhaltei and Ruggles, however, wcie 
stiongly cnticized by Craighead (1910), who pointed out that, 
most of the insects on which spoies weie found lately visited oi 
attacked living tiees and foi this icason could be of little signifi¬ 
cance as vectois of chestnut blight He maintained that othei 
insects not studied by Studhaltei and Ruggles would be moic 
likely to transmit the disease The most likely insect vcctoi 
accoidmg to Ciaighead is the long-homed beetle (.Leptura miens 
Foistei) which boies m the baik of ovei 90 pei cent of the living 
chestnuts ovei 10 inches m diametei He states that this species 
has adapted itself to bleeding m gieat numbeis m chestnut-bai k 
cankeis, a fact which suggests stiongly that it is an impoitant 
i ectoi It is to be i egi etted that this insect was not studied moi e 
thoroughly 

Ciaighead claimed that the beetle Leptostylus macula Say, 
consideied by Studhaltei and Ruggles as the most impoitant 
vectoi, rarely ever visited living tiees and could not be of signifi¬ 
cance m tiansmittmg the disease to healthy trees On the othei 
hand, Ciaighead (1912) believes that this insect, by eating the 
spores and preventing then dissemination, letaids rathei than 
aids the disease m its spread Leptostylus macula may be of no 
significance as a vectoi, but it is difficult to believe that the 
quantity of spores eaten by the insect w ould be a significant check 
to the spread of the disease Craighead recognized the possible 
importance of many species of insects m making fresh wounds 
thiough which spoies disseminated by wind could infect He 
states that such wounds have been found infected and expresses 
the belief that the making of w T ounds, thiough which wind-blown 
spoies infect, is the chief lole of insects m the epiphytology of 
chestnut blight 

Chestnut blight spiead so quickly ovei the entire lange of the 
chestnut, as stated above, that all efforts to conti ol it were dis¬ 
continued Thus, mteiest m the study of the method of its 
spread also waned, and the pioblem of insect transmission of the 
disease was left only partly solved 

Heald and Studhaltei (1914) demonstrated that several species 
of bird w'ere also vectois of the chestnut-blight pathogen, suggest¬ 
ing that migratory species could be responsible foi long-distance 
dissemination and new centers of infection The fungus is well 
adapted to rapid dissemination by birds and many othei agencies, 
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but the idative impoitance of the diffeient agencies of dissemina¬ 
tion has ncvei been detei mined For a more detailed discussion 
of the lole of buds as vectois of chestnut blight, see Chap XI 

Insects and Tomato Leaf-spot Diseases —Martin (1918) 
has investigated the role of se\eial leaf-eating insects m the 
dissemination of spoies of Septoria ly coper sici Speg and Alter - 
nana solam (E and M ) Jones and Giout, causing leaf spots of 
tomato It was first obseived that flea beetle punctures fre¬ 
quently foimed the center of an early blight infection Flea 
beetles ( Epitnx cucumens Hams) collected at landom m tomato 
fields were found to carry \iable spoies both externally and in 
then intestinal tiacts It was demonstiated that the spores 
of both fungi pass thiough the alimentaiy canal and survive 
umnjuied m fecal deposits Similai relationships weie demon¬ 
stiated foi the Coloiado potato beetle (. Lephnotai sa deczmhneata 
Say) and the tomato woim (Pi otopai ce caiohna L ) 

Unfortunately, neither disease was expenmentally tiansmittecl 
by the insects concerned The conclusion that they seive as 
vectois is based on cncumstantial evidence only 

It was furthei shown that pickeis carry gieat quantities of 
spoies on then hands and gaiments, and Mai tin concludes that 
much of the inoculum is disseminated m this way Pickeis 
aie consideied to be of moie impoitance than the insects, which 
aie of gieatest impoitance m the dissemination of inoculum 
eaily m the season 

Insects and Sooty Mold—Many ciop plants, especially those 
of tiopical 01 subtiopical legions, aie often se\eiely affected 
with a disease known as “sooty mold,’ 1 caused by a numbei of 
diffeient species of fungi possessing daik-eoloied mycelium 
One of the most common of the sooty mold fungi is Capnodium 
ciin which causes the troublesome sooty mold of citius flints 
The fungi glow as black \elvety membianes ovei the smfaces 
of leaves and fiuit (Fig 130) They aie not tiue paiasites, 
foi they do not penetiate the cells of the plant but li\e entirely 
on the surface and deme then nounshment fiom honeydew r 
secieted by insects Even though the sooty mold does not 
paiasitize the plant, it severely injures the tree by foiming a 
mat of black mycelium that coveis a large proportion of the leaf 
surface and thus mterfeies with the processes of photosynthesis 
and respiration This results m low r er yields of poor-quality 
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fruit and makes the tiees less resistant to drought or othei advcise 
factois The fungus also may disfiguie the fiuit and appieciably 
i educe its maiket value Any insect that secietes honeydew 
m sufficient quantity may meet the requnement of the sooty- 
mold fungus Scale insects, aphids, and the larvae of white 
flies are most frequently associated with sooty molds 

One of the best descriptions of the association has been given by 
Webber (1897), who described m detail the sooty mold of oiange 
m Florida Heie the fungus was associated with the white fly 
(.Aleyiodes citu R and H ), the wax scale (Ceioplastes flondmsis 
Comstock), several species of Lecamum , the mealy bug (. Dacty - 



Fig 130 —A citrus leaf affected with sooty mold Some of the mold has been 
stripped off exposing the leaf suiface ( After Rhoads ) 

lodius citi i Risso), and the aphid (Aphis gossypu Glov ) Of these 
insects, the white fly (A citn) was by fai the most impoitant 
The insects foi the most pait feed upon the lowei suifaces 
of the leaves The honeydew- secreted by them falls puncipally 
on the uppei surface of the leaves and fiuit immediately undei- 
neath, and it is here that the sooty mold gi ow t s most luxui lantly 
Several different kinds of spore are foimed by the sooty-mold 
fungi, most of which aie readily disseminated by wind Theie 
is no evidence that they are disseminated more than inci¬ 
dentally by the insects furnishing the honeydew on which they 
grow x 

Because the black mold is dependent upon the insects for its 
nourishment, the most effective means of conti ol has been 
indirectly through the control of the insects This has been 
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accomplished by spraying with insecticides, by fumigation with 
hydiocyanic acid gas, and by the use of natuial enemies such as 
entomogenous fungi and insect paiasites Piactical expenence 
has shown that when the insects aie destioyed the sooty-mold 
tungi disappeai, thus confiiming the dependence of the fungi 
upon the insects foi nounshment 

Insects and Brown Rot of Stone Fruits —Biowm lot caused by 
Scleiotima spp is one of the most destructive diseases of stone 
flints, causing enoimous losses by decay of the fruit as w 7 ell 
as thi ough blossom and twng blight The disease is almost w oild- 

wide m its distribution, and theie aie few places w 7 heie peaches 
can be giown successfully without spiaymg to control the rot 
The spores of the biown-iot fungus are commonly wmd- 
boine, and although the pathogen may penetrate the skin of 
umnjuied hints thiough stomata and lenticels, infection is 
facilitated by wounds The feeding and oviposition wounds 
made in the fiuit by the plum curculio (Conotiachelus nenupheu 
Heibst) aie veiy frequently portals of entiy foi the fungus 
(Scott and Quamtance 1911) It is generally assumed that wind¬ 
blown spoies aie responsible foi the infection that takes place 
thiough the insect punctuies, but as the cuiculios have abundant 
oppoitunity of becoming suiface-contaminated wnth spoies it is 
very piobable that they also disseminate the spores and introduce 
some of them into the freshly made w T ounds 

The significance of the curculio as a vector of biowm rot is 
more evident m oichaids sprayed with lime sulphur wheie 
infection by wind-blown spoies is reduced to a minimum In 
one expeiiment reported by Scott and Ayies (1910), 93 per cent 
of the fiuit infection could be tiaced to cuicuho wounds 

In \ lew of the importance of the curculio m biown-iot infection, 
it is obvious that a sound control piogiam foi biowm rot must 
include pionsions foi the conti ol of the cuiculio 

The Potato Flea Beetle and Potato Scab —Scab caused by 
Actinomyces scabies (Thaxtei) Gussow is one of the most prev¬ 
alent diseases of the potato The pathogen lives indefinitely 
m the soil and infects the developing tubers, causing the wmll- 
known corky scab pustules Ingiession is chiefly thiough the 
lenticels, but wounds also may seive as infection courts 

MacMillan and Schaal (1929) have demonstrated that the 
scab pathogen commonly infects the tissues mjuied by the larvae 
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of the potato flea beetle ( Epitni cucumens Hams) In the 
absence of scab, the uijuiy caused by the flea-beetle laivae con¬ 
sists of inconspicuous “woim tiacks” with a smooth suiface, 
diffenng only m coloi fiom the noimal periderm When infected 
by scab, the womi tiacks aie laised, bulging, and eiuptive, 
seriously deci easing the market value of the tubeis In othei 
cases, the lesions caused by the flea beetles aie invaded by 
Rhizodoma solam , a fungus that usually does not infect the 
tissues of the tubei 

Schaal (1934) investigated fuithei the association of scab 
with flea-beetle mjuiy and has demonstiated that flea-beetle 
laivae, collected from potato soil, cany Actinomyces both 
externally and internally The pathogen was not found m ox 
on the eggs of the bettles when deposited m stenlized cages 
The insect m all probability plays no pait m the dissemination 
of the pathogen but is an effectn e agent of inoculation, a large 
part of the mjuiy being caused by the scab pathogen that it 
mtioduces 

Blackleg of Cabbage and the Cabbage Maggot—Blackleg 
of cabbage and othei ciueifeis is caused by a fungus [Phoma 
hngam (Tode) Desmaz ] It causes a diy, black neciosis of the 
loots and stem, often killing the plant m lelatively eaily stages 
of de\ elopment It also may cause a spotting of the lea\ es and 
a decay of the cabbage head m stoiage The disease was fiist 
studied extensively by Ritzema Bos (1906) and Quanjei (1907) 
in Holland Quanjei concluded that the fungus could not infect 
the loots unless they weie mjuied and that the lirjuiies made 
by the cabbage maggot ( Hylemyia brassicae Bouche) were the 
pnneipal avenues of entiance His belief that the fungus w r as 
not seed-tiansnntted caused him to place special emphasis on 
maggot infestation as a pieiequisite foi infection Hendeison 
(1918), howevei, has shown that the fungus is leadily seed- 
transmitted and the roots and stem, may be infected without 
pievious mjuiy These lesults naturally laise the question of 
the importance of maggot infestation m the epiphytology of the 
disease Unfoitunately, Hendeison did not investigate this 
aspect of the disease extensively Even though the maggot 
injury may not be necessaiy, Quanjei 7 s observations indicate 
that it may be a significant contubutory factoi There is need 
foi a moie careful study of the lelationship of insect mjuiy to 
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blackleg infection and development m light of the moie lecenl 
mfoimation about the paiasitism of the fungus 

Insects and the Red Rot of Sugar Cane —Red rot, caused by 
Colletotrichum falcatum Went, is one of the most destiuctive 
diseases of sugai cane m the United States It causes seveie 
lotting of the stalks, stubble rhizomes, and leaf mid-iibs It 
has been the cause of failuie of a numbei of the leading com- 
meicial varieties of sugai cane A complete account of the 
disease m Louisiana and Flonda has been published by Abbott 
(1938) 

Red rot is tiansmitted m seveial different ways Spores 
are pioduced abundantly and aie widely disseminated by the 
wind Although infection may occui by dnect penetiation ot 
the epideinns, the most destiuctive phases of the disease are 
those following infection thiough wounds Accoidmg to 
Abbott, infection of the stalk, m Louisiana and Flonda, occui s 
principally through the tunnels of the moth boiei (Diatroea 
sacchaialis F) Injuries made by the sugar-cane weevil (Ana- 
centi us sp ) also may seive as points of infection foi undeigiound 
parts of the stalk Abbott concludes that infection of the leaves 
occuis most fiequently thiough insect wounds, although direct 
penetiation of umnjuied epideimis is recognized No studies of 
the detailed relationships between the insects and the fungus 
have been leported One would assume fiom much of the 
published statements that infection is accomplished by wind¬ 
blown spores which entei the wounds made by the insects, but 
m all probability caieful study would show that the spores aie 
mtioduced by the insects m then feeding activities 

Insects and Diseases of Mushrooms —Cultivated mush- 
100 ms aie subject to a numbei of destructive diseases, seveial 
of which aie tiansmitted extensively by insects The most 
impoitant of these aie “bubbles 1 ' and “plaster mold” The 
foimei is caused by a fungus (My cog one sp ) that greatly distorts 
the mushroom, causing it eventually to become soft and decayed 
Plastei mold is caused by a fungus that does not paiasitize the 
mushroom directly but grows throughout the compost and 
prevents the normal development of the fruiting bodies Accord¬ 
ing to Chailes and Popenoe (1930), spores of both these fungi 
are disseminated by the various species of fungus fly that infest 
the mushroom Charles states 
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In houses w here these diseases occur mushroom flies have been 
e\ammerl which carried on their somewhat spmey bodies and legs 
hundreds of spores of these fungi These flies mo\ e actively about 

through mushroom houses, both by walking and by flight, and are 
undoubtedly responsible for the lapid increase m the distnbution of the 
diseases m large houses Diseased mushrooms develop an odoi likely 
to attract some of the larger carrion flies from the outside and these 
larger flies are capable of carrying much greater numbeis of spores 
throughout the house 

The control of both diseases is aided by adequate conti ol of 
the insect vector 

Plum Wilt and the Peach-tree Borer —Plum wilt, a destructiv e 
disease of plum tiees m Georgia, was descubed m 1916 by Higgins, 
who concluded that wounds made by the peach-tiee boiei 
(Aegena exitosa Say) w T ere the most impoitant a\ enues of 
infection Plum wnlt is caused by the fungus La&iodiplodia 
in florae Higgins, which is a vasculai paiasite affecting pun- 
cipally the conducting elements and the medullaiy lays m the 
wood The wilting lesults fiom the inhibition of the watei 
movement by gum deposits 

The fungus cannot penetiate the umnjuied baik and is entnely 
dependent upon w T ounds Although mechanical mjunes and 
wounds made by othei agencies may serve as poitals of entiy, the 
wounds made by the boiei appeal to be of gieatest impoitance 

The disease is moie destructive on the Japanese plums and 
hybrid varieties of Japanese-plum paientage One of the 
leasons for this vanetal preference was attributed by Higgms 
to the use of peach stock on which to bud the plums The peach 
stock is moie attractive to the boiei than plum wood, and 
infestation that takes place m the peach stock spieadw leadily 
into the plum wood 

The fungus inuts on affected tiees neai the suiface of the soil 
wheie the baik is continually moist, and the spoies aie extiuded 
from the pyemdia in white masses 01 in long gelatinous tenduls 
The method of dissemination of the spoies is not fully known, 
and the question of whether 01 not the spoies aie disseminated 
by the adult boier has been left unansw T eied 

The peach-tree boiers aie Lepidopteious insects They 
hibernate m the soil or m the bark of infested tiee ti links m the 
pupal stages, emeigmg as adult moths m eaily spang Eggs 
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aie deposited on the surface of the baik of Diupaceous tiees 
neai the base of the tiunk The young laivae bore through the 
baik soon aftei hatching and complete then development m the 
mnei baik of the loots 01 the base of the tiunk Although 
many vaneties of Diupaceous tiee aie attacked, the borer is 
piimanly a pest of the peach or of tiees giafted on peach stock 
Insect Dissemination of the Cotton-wilt Pathogen —Fusarium 
wilt caused by Fusanum vasmfectum Atk is a destructive disease 
of cotton throughout the southern part of the United States In 
common with othei pathogens of this kind, it spreads relatively 
slowly thiough the soil The appearance of the disease m new 
localities m small areas m the field is not uncommon, indicating 
that aenal dissemination of inoculum occurs m some way It is 
not always possible to determine the ongm of these local infesta¬ 
tions, and the method of aenal dissemination has been a subject 
of much speculation Taubenhaus and Chnstensen (1936) have 
investigated the suivival of F vasmfectum in the intestinal tract 
and fecal pellets of numerous insects that noimally feed on cotton 
plants The fungus was lecovered m viable condition from the 
fecal pellets of nearly all the species tested, except those which 
feed noimally on decaying orgamc mattei ( Collembola, etc ) 
The following giasshoppers were found to act as agents of dis¬ 
semination of the fungus Melanoplus differentials Thos , M 
mexicanus Saus& , M femur-nibrum De G, Encoptolophus 
texensis Brun , Sphar agemon cnstatum Scudd , Tomonatus aztecus 
Sauss, Choitophaga viridifasciata vai austratior De G, Schisto - 
cerca amencana Diuiy, S obscuia Fabr, Tnmentiopis citnna 
Scudd , and Dissosteua Carolina L These insects weie con¬ 
sidered of impoitance m field-to-fielcl spread of the disease All 
evidence indicated that the association between insect and fungus 
is entnely mechanical and that the passage of the fungus thiough 
the alimentaiy tract m the form of spores and mycelial fragments 
is lelatively rapid 

Monochamus spp and Heart Rot of Conifers —The relation¬ 
ship of v r ood-bormg beetles and w ood decay in logs of red pine has 
been studied by Leach, Orr, and Chnstensen (1937) When 
fleshly cut logs were exposed to insect infestation, bark beetles 
w T ere the fiist insects to attack them The bark beetles were 
soon followed by various other insects, including several v r ood- 
bonng species As soon as the logs became infested with insects, 



266 INSECT TRANSMISSION OF PLANT DISEASES 


the sapwood was lapidly decayed by fungi The most prevalent 
fungus was Peniophota gigcmtia (Fi ) Massee, which eventually 
spread to the heaitwood, causing a ieddish brown decay It was 
demonstrated that there was a definite con elation between the 
amount and rapidity of heartwood decay and the infestation by 
Monochamus scutellatus (Say) and M notatus (Drury) All 



Fin 131 —Monochamus scuieUatus, a wood boring insect that aids a wood- 
rottmg fungus in the invasion of the heart rot of conifers a a male, h, a female 
cutting an egg niche through the bark, C , egg niches, D, eggsm the mnei baik, 
E, a larva feeding on the mnei bai k and outer sapwood 


evidence indicated that the beetles w r ere not lesponsible foi 
introducing the fungus into the log but that they aided the fungus 
m the invasion of the heartwood and so hastened its destruction 
The beetles (Fig 131) lay then eggs m the mnei bark through 
inches made with their chewing mouth parts On hatching, the 
larvae feed for some time on the inner bark and outer layers of 
sapwood where they become contaminated with the wood-iottmg 
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fungus As the larvae approach maturity, they bore deep mto 
the heartwood, later leturmng to the sapvood to pupate (Fig 



Fig 133 —Two sections of the sime experimental ied-pme log showing two 
areas of decay, each arising from a Hrv al tunnel of Monochamus scutellatus 


132) Observations on experimental logs showed that the 
greater part of the heartvood decay always spread from the 
larval tunnels (Figs 132 and 133) 
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The fungus spreads through the wood m a longitudinal dii ac¬ 
tion much moie rapidly than m a ladial or tangential dnection 
The larvae take the fungus deep into the wood ladially and 
tangentially after v hich it spreads rapidly up and down the log 
Several species of bupiestid beetle also attack the logs, but they 
apparently do not influence gieatly the development of heait 
rot The larvae keep then tunnels packed with frass and do not 
move about m them The Monochamus laivae, howevei, keep 
their tunnel open and move back and forth frequently m disposing 



Fig 134 Thiee fruiting bodies of Polyporu^ volvatus, showing the small 
opening through the membrane that encloses the hymemal layei foiming a 
chamber m which the spoies accumulate The spoiophoie on the light has been 
cut m section in a \eitical plane thiough the opening and shows the internal 
structure 

of then frass This difference m habits may explain m pait the 
diffeience m their influence on the rate of decay 
Insects and a Sapwood Decay of Conifers —The sapv ood of 
trees of vanous coniferous species is sometimes decayed by 
Polypoi ous wlvatus Pk The decay affects dead 01 dying trees, 
especially those infested with baik beetles The fiuitmg bodies 
nearly always grow out of the holes made thiough the bark by the 
beetles, and there is considerable evidence to show that the spores 
are introduced into the sapwood by the beetles (Hubbard 1892) 
The fruiting surface of the sporophore is at first completely 
covered with a leathery membrane continuous with the upper 
surface As the sporophore matures, a small opening is formed m 
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the center of the membrane The spores are shed within the 
cavity and aie not subject to wind dispersal (Fig 134) How- 
evei, beetles and othei insects entei the hole and, m craw ling 
about within the enclosed space, become contaminated with the 
spores -which they presumably introduce under the bark as they 
infest new trees Hubbard has observed moie than a dozen 
different species of insect m the spoie chambei 01 feeding upon 
the sporophores The bark beetles, because of their habit of 
boring into the baik, have the greatest oppoitimity of inoculating 
the sapwood and aie generally considered to be the most lmpoi- 
tant vectors 
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INSECTS AND VIRUS DISEASES 


The viruses that affect plants cause some of the most destruc¬ 
tive diseases of agucultuial ciops Early recoids leveal that 
virus diseases were pievalent on ceitam cultivated crops moie 
than three hundred years ago, yet the full extent of the damage 
caused by them was not recognized until aftei the close of the 
last century Theie is indeed much evidence foi the view r that 
the virus diseases as a gioup have become more pievalent and 
destructive in xecent yeais This may be explained to some 
extent by the moie general recognition of virus diseases following 
the extensive study of the past 25 01 30 yeais On the othei 
hand, the gieat mciease m commeice and travel and the exchange 
of plant matenals would favor the spread of vnuses to new 
regions Moreovei, it is a recognized fact that commerce has 
resulted m distributing many insect vectois to new 7 regions 
throughout the w r oild 

It must be recognized as a possibility also that vnuses which 
ongmally affected only wild plants may have become more 
destructive to cultivated plants An mcieasing amount of the 
land has been brought undei cultivation with a corresponding 
destruction of the weed hosts of both the vnuses and their insect 
vectors It is only reasonable to suppose that as this change 
occurred the insect vectois and the vnuses transmitted by them 
would become moie prevalent on the cultivated ciops This is 
especially tiue of such vnuses as cuily top of sugar beet, aster 
yellows, and spotted wait of tomato, each of wdnch has a very 
wide host range among both weeds and cultivated plants 

A relatively laige number of virus diseases of plants have been 
described m the past 25 years, and new ones are being reported 
at very frequent intervals Extensive bibliographies on virus 
diseases have been published by Atanasoff (1934, 1937), Otero 
and Cook (1934, 1935, 1936), Cook (1935a, 1936a), and Smith 
(1937a) Cook (19355, 19365) has published, also, an extensive 
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index of insect vectors of virus diseases Almost all cultivated 
ciops are affected by one 01 moie viruses At least 25 different 
mi uses have been lepoited as affecting the potato (Folsom and 
Bonde 1936), and xnoie than a dozen are known to attack tobacco 
It is probable that the same virus has been descubed under diffei- 
ent names on diffeient host plants A single plant also may be 
affected with more than one virus, resulting m a confusion ot 
symptoms that makes identification difficult Many of the 
\irus diseases, ongmally thought to be caused by a single virus, 
on further study have been found to be caused by two or more 
Mruses that could be separated by appropriate methods The 
number of viruses recognized as distinct are so numerous that no 
effoit will be made heie to discuss them all, not even all those 
known to be transmitted by insects A lelatively complete 
descriptive hst of the known plant virus diseases has been pub¬ 
lished by Smith (1937a) 

The identification of the vanous viruses is difficult because 
then true nature is still uncertain For many years, plant 
pathologists have been inclined to accept the hypothesis that 
viruses are ultramicroscopic microoigamsms living as obligate 
parasites However, the more recent works of Vinson (1936), 
Vinson and Petre (1929, 1931), Stanley (1936a, 6, c, 19376, 
1938a, 19386), and others furnish evidence that the viruses may 
be inanimate and consist of proteins of high moleculai weight 
which, m the piesenee of living cells, stimulate the production 
of more protein of the same kind There are some objections 
to the concept of viruses as inanimate piotems, as pointed out by 
Rawlins and Takahashi (1938), Bawden and Pme (1937), 
Goitner (1938), and others, yet the evidence is strongly m favoi 
of the protein hypothesis A final solution of this problem will 
greatly facilitate the study of virus diseases as well as then rela¬ 
tionships with insect vectors 

AGENTS OF VIRUS DISSEMINATION 

Xo group of plant pathogens is more closely associated with 
insects than the viruses There are very few, if any, tiue virus 
diseases that are not to some extent transmitted by insects, and 
there are many that are transmitted m nature only by insects 
Despite the importance of insects as vectors of virus diseases, 
there are several other ways m which viruses may be spread In 



INSECTS AND VIRUS DISEASES 


279 


many cases, a single virus may be transmitted by seveial differ¬ 
ent agencies, and the evaluation of the relative importance of 
each agent is an important factoi m the conti ol of viius diseases 
In addition to being tiansmitted by insects, virus diseases may 
be spiead m nature by wind, watei, seed, and \ egetative propaga¬ 
tion They may be transmitted aitificially by inoculation and 
by giaftmg 

Wind—Yeiy impoitant m disseminating fungus spores, wind 
is of relatively little significance m the spread of virus diseases 
Some vnuses, however, such as that of tobacco mosaic are very 
resistant to desiccation and aging and may be disseminated by 
wind m the foim of dned and crumbled leaf tissue Because the 
tobacco-mosaic virus infects so readily through the slightest 
injury, it is very likely that wind is of some importance as a 
vectoi, but, m geneial, dissemination m this way is relatively 
unimportant when compared with insect dissemination 

A new virus disease of tobacco, tobacco necrosis (Nieotiana 
virus ll), 1 has been described by Smith (1937 c, d ), who presented 
emdence to show that the virus is an borne Broad beans, 
which are also very susceptible to the virus, were infected when 
inoculated with previously sterile w r ater through which air from 
the greenhouse containing infected tobacco plants was drawn 
Caldwell (1937) has objected to some of the conclusions reached 
by Smith, pointing out that the origin of the air-borne virus 
particles w^as not known and that infection by particles directly 
from the air had not been proved beyond question Price (1938) 
m an extensive study of this virus w T as unable to obtain any 
evidence that it w T as ail borne No natural tiansmission wns 
obseived m his greenhouse experiments although old infected 
plants were present m the same house Smith, on the other 
hand, reported frequent and rapid spread which he mterpieted 
as caused bv an-borne particles of virus He concludes that the 
virus particles w T ere washed into the soil, from winch they gained 
entrance into the roots 

Matsumoto (1938) reported another disease of tobacco and 
presented data that led him to believe that a virus was trans¬ 
mitted through the air directly from a diseased to a healthy 
plant In a footnote m a latei paper, however, Matsumoto 
(1938) throws some doubt on the correctness of his earher con- 

1 Classification of Kenneth M Smith 
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elusion by reporting the piesence of some veiy small tyioglyphid 
mites on his expenmental plants It appeals piobablc that he 
was not working with a tine vnus disease The importance and 
significance of the problem of wind transmission justifies more 
extensive study under carefully contioiled conditions, for if 
Smith’s conclusions are proved correct, a new means of virus 
transmission will have been established Extreme caution must 
be used, however, m di awing final conclusions Every othei 
possible means of transmission must be eliminated by rigidly 
controlled experiments It would appear that a highly infectious 
virus could be leadily transmitted by contact m handling the 
plants These factors must be carefully controlled m experi¬ 
ments of this kind 

Wind may be concerned also m so far as it may be a factor m 
the dissemination of the insect vectors As pointed out m Chap 
XV, theie is evidence that certain insects may be blown by wind 
for long distances In general, however, it may be concluded 
that wand is a minor factor m the dissemination of viruses 

Water—Water does not seem to be an important agent of 
virus dissemination In violent wind and hail storms m which 
there is much wounding of tissue, wind and water combined 
theoretically could be responsible for much local spread of certain 
virus diseases Moreover, when infection takes place under¬ 
ground, the soil water probably plays an important part m trans¬ 
mitting the \ irus The significance of this type of spread is very 
difficult to evaluate, because it has not been the subject of much 
experimentation Tobacco necrosis (Nicotiana virus 11), accord¬ 
ing to Smith (19376, c, d), is readily transmitted by water to the 
roots, through which infection occuis without the aid of artificial 
wounding This vnus appeals to be highly infectious and may 
be transmitted by contact, although it is difficult to transmit by 
grafting on most host plants 

Guttation water apparently is of little significance m the trans¬ 
mission of viruses because, as shown by Caldwell (1930, 1931), 
viruses are raiely present m guttation drops even though the 
plant may be heavily infected The virus apparently is unable 
to diffuse through the protoplasmic membrane into the tracheae 
Furthermore, when viruses are placed m the guttation drops, 
infection does not occur unless the adjacent plant cells aie 
wounded 



INSECTS AND VIRUS DISEASES 


281 


Soil—The teim "soil transmission” is often msed to denote a 
specific method of mi us transmission, but theie appeals to be 
little 01 no justification foi using the teim m this sense The soil 
is not an agent of dissemination, and the teim meiely coders a 
gieat amount of ignoiance about the actual means of spiead 
Infection may take place thiough undeigiound paits of a plant 
and be transmitted by insects working undeiground, by root 
contact, by soil water, 01 by direct inoculation through cultiva¬ 
tion injury Because of the difficulty of obseivmg the under¬ 
ground plant paits, the actual mechanism of undergiound 
infection is usually obscure, but there is no reason for supposing 
that it is fundamentally different fiom rnfection through the 
aboveground paits of the plant 

There is very little e\idence to indicate that undergiound 
infection is common for many of the virus diseases Webb (1927, 
1928), however, has shown that m wheat mosaic infection may 
occur undergiound thiough either the roots or the crown, or 
both Infection thiough parts of the plant aboveground appar¬ 
ently does not occur m nature Wheat mosaic is transmissible 
by artificial sap inoculation, but no insect vectoi is known The 
virus survives in the soil for an indefinite time and is not removed 
by thoroughly and repeatedly washing the soil Neithei the 
exact point of entrance thiough the loots or the crown nor the 
method by which entrance is accomplished is known There is 
need for moie thorough investigation of the ability of viruses to 
suivne m the soil and the frequency of infection through roots 
and othei underground parts of plants 

Root infection oi tobacco from contaminated soil has been 
reported by Lehman (1934) and by Johnson (1937), but the 
mechanism of infection was not deteimined Smith (1937a, V) 
also has shown that tobacco plants may be infected thiough the 
roots by the virus ot tobacco necrosis from contaminated soil 
w r ater However, the virus was not able to infect the roots of 
plants grown m water cultures contaminated with the vims 
This fact would suggest the possibility that injuries caused by soil 
particles furnished the necessaiy wounds foi infection Evidence 
leading to the same conclusion has been presented also by Price 
(1938) 

Seed —Seed transmission of vnuses is known to occur, but it is 
not the rule Perhaps the best-known and most stuffing case is 
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that of bean mosaic Seed tiansmission of the bean-mosaic vnus 
to the extent of 50 pei cent has been obtained under exponmental 
conditions Seed tiansmission has been studied extensively by 
Nelson (1932) and Nelson and Down (1933), who have shown* 
that seed infection of beans is very erratic, only a pait of the 
seed on a badly diseased plant becoming infected They ha\e 
shown that often only a few seeds m a pod may tiansmit the virus 
and that the position in the pod is not the detei mining factoi 

Viruses appeal to be moie leadily transmitted thiough the 
seeds of legumes than those of many other plants, but seed tians¬ 
mission is by no means confined to this family Othei examples 
ha\ e been lepoited by Doolittle and Gilbeit (1919) in seed of wild 
cucumbei, Kenduck (1934) m muskmelon seed, Elze (1931a) 
m potato seed, Newhall (1923) m lettuce seed, Beikeley and 
Madden (1932) and Doolittle and Beechei (1937) m tomato seed, 
and Henderson (1931) m petunia seed Foi othei examples of 
seed transmission of viruses, see the bibliogiaphy on seed-boine 
parasites by Orton (1931) 

The factors governing seed infection aie not very well known 
It is difficult to understand why it occuis m some plants and not 
m others and why only part of the seeds on hea\ lly infected plants 
cairy the virus These occurrences would seem to indicate that 
the viruses are not so umvei sally distributed m the tissues of the 
plants as has been generally believed 

Pollen—Wheie seed tiansmission occuis, it has been assumed 
geneially that the seeds become infected systemically fioin the 
infected mother plant Anothei means of seed infec tion has been 
pointed out by Blakeslee (1921) who demonstiated that a \nus 
on Data?a stramonium is transmitted to the seed by pollen fiom 
infected plants m as high as 79 pei cent of the seed Reddick 
(1931) and Nelson and Down (1933) have shown that infected 
bean seed may be accounted W m this w r ay The possibilities 
of this method of tiansmission have not been extensively investi¬ 
gated There is need foi furthei work 

Other Plant Parts.—Those plants which are vegetatively 
propagated prQvide one of the most effects e means of vnus dis¬ 
semination and perpetuation Recovery is raie m virus diseases 
of plants, and vegetative piopagation from infected plants, 
whethei by tubers, corms, cuttings, grafts, or any other method, 
usually results m 100 per cent infection of the progeny Were it 
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not foi the fact that many virus-infected plants yield pi ogres- 
sively less until they fail to leproduce themselves and are elimi¬ 
nated, the percentage of infection m \egetatively propagated 
crops would e\ entually appioach 100 pei cent This apparently 
is what has happened m the case of the latent vnus of potatoes 
Those vaneties of potatoes m which the vnus pioduces no ill 
effect, and consequently no tendency toward elimination ol 
infected plants, have, m time, become umvei sally infected 
Parasitic Fungi —The possibility of vnus tiansmission through 
the agency of parasitic fungi 01 bactena has been suggested 
(Nelson 1932) Theoietically it w r ould be possible for spores of a 
paiasitic fungus, produced on a Mius-mfected plant, to harboi 
the virus and introduce it into the cells of a healthy plant follow¬ 
ing geimmation and infection This possibility appeals i emote, 
and no positive experimental evidence is available Nelson 
(1932) obseived that bean rust [Utomyces appendiculatus (Pers ) 
Rev ] taken fiom beans infected wnth mosaic did not transmit the 
virus when tiansfened to healthy plants 

Man —Man himself is one of the most effecm e agents of vnus 
dissemination In the sale and distribution of seeds and plant 
paits and m piuning and othei cultivating operations, viruses are 
disseminated widely Yalleau and Johnson (1927) have shown 
that tobacco mosaic may be spread by voikers who chew or 
smoke tobacco while woikmg wuth the tobacco plants Many 
viruses are readily tiansmitted artificially by direct sap inocula¬ 
tion, but some are very difficult to transmit m this w T ay Still 
otheis have been artificially transmitted only by grafting The 
majority of viruses are readily transmitted by grafting even 
though they may not be transmitted by other means 

In a consideration of the transmission of mi us diseases, there 
aie a few r fundamental facts that should be kept m mind Fust, 
it should be remembered that theie is no multiplication of the 
virus m the absence ot living cells, m eithei plant oi insect 
Consequently it appeals that the vnus inoculum must come m 
contact with the protoplasm of the plant cell before infection 
occurs This fact has led to the tacit assumption that some sort 
of wound is akyays necessary for mi us infection Sheffield 
(1936a), working with tobacco, tomato, Nicotiana glutmosa , 
and Solanum nodtflorum , presented evidence to show T that 
tobacco-mosaic virus 1 and tobacco mius 6 cannot enter the 
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plant unless some of the suifaee cells aie injured Duggar 
and Johnson (1933), howevei, secuied infection of tobacco 
plants by spiaying the leaves with a suspension of tobacco 
mosaic thus Since no wounds weie made 01 could be detected, 
stomatal infection appeals to be the only explanation Diake 
et al (1934) and Sheffield (19366) have emphasized the lmpor- 
tance of plasmodesmata m infection and invasion of plant tissues 
by viruses If vnus pai tides enteung thiough the stomata 
come in contact with plasmodesmata of the loosely airanged 
substomatal paienchyma, stomatal infection is moie easily 
explained Finally, one should beai m mind that theie is much 
diffeience m the piopeities of diffeient \ iruses, especially m 
legard to the influence of the extiacellulai environment In 
all probability, theie is as much vanation among the plant viruses 
as there is among the plant pathogenic bactena 

Insects—Piactically all the insect \ectois of mi us diseases 
aie found m the following five ordeis 

1 Orthoptera (grasshoppers) 

2 Thysanoptera (thnps) 

3 Homoptera (aphids, leat hoppeis, white flies, and scale insects) 

4 Hennpteia (lace bugs and othei plint bugs) 

5 Coleoptera (beetles) 

1 Orthopteia —The insects of this older all have chewing 
mouth parts, and they aie as a mle not veiy effective as vectors 
of virus diseases Spindle tuber of potatoes, a virus disease 
that is transmitted very easily by artificial inoculation, has been 
shown by Goss (1928, 1929, 1931) to be transmitted m nature by 
several species of giasshoppei ( Melanoplui > spp ) The trans¬ 
mission apparently is entnely mechanical Not many insects 
of this order have been incriminated as sectors of mi us diseases 

2 Thysanopteia —This oidei includes the thnps These aie 
small insects with asymmetncal mouth parts, and they feed 
with a rasping-sucking action Thnps (Fianlhniella lycopeisici 
Audi and Thnps tabaci Land) have been pioved to be vectors 
of the spotted wilt of tomato, pineapple yellow spot, and a 
streak of peas (Samuel, Bald, and Pittman 1930, Linford 1931a, 6, 
1932) These diseases eventually may be shown to be identical 
Transmission here is definitely biological and probably specific 
Although the abihty of thnps to transmit other viruses has not 
been thoroughly investigated, it is probable that they may be 
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involved m the transmission of other virus diseases, where the 
relationship is less specific and the method of transmission 
purely mechamcal However, because of the very shallow 
feeding wounds made by thnps, they would be of little importance 
as vectors of viruses that are localized m the phloem 

3 Homoptera —This is by far the most important order of 
insects m regard to the transmission of virus diseases Approxi¬ 
mately 90 per cent of all the insects concerned m the transmission 
of plant viruses are members of this order The \ectors are 
found chiefly m the following families Aphididae (aphids, or 
plant lice), Cicadelhdae (leaf hoppers), Fulgondae (plant hop¬ 
pers, or lantern flies), Aleyrodidae (white flies), and a few doubt¬ 
ful cases have been reported m the Coccidae (scale insects and 
mealy bugs) 

The Homoptera all have piercmg-suckmg mouth parts and 
feed exclusively on plant sap Their method of feeding makes 
them especially effective as vectors of virus diseases Their 
long narrow beaks inject the inoculum deep into the tissues 
without wholesale destiuction of cells Since the virus can 
multiply only m the presence of Irving cells, this is a decided 
advantage Insects that kill large numbeis of cells around the 
feeding wounds would be less effective m bringing the virus m 
contact with living protoplasm Many insects of this order, 
which cause very little obvious direct injury to then host plants, 
are now considered pests of major economic importance because 
of their role m transmitting virus diseases A demand for more 
effective control of these species has followed the discovery of 
their role as vectors 

The aphids , or plant lice, include a large number of vectois 
and transmit more different virus diseases than do the members of 
any other insect family More than twenty different species 
of aphids have been shown to be concerned in the transmission 
of a considerably larger number of diffeient \iruses Ceitam 
species such as Myzus persicae (Sulz) and Maci osiphum gei 
(Kalt) are known vectois for a dozen or more different 'viruses, 
while other species are more limited m this lespect In general, 
there appears to be somewhat less specificity between the aphids 
and the viruses they transmit than there is between the leaf 
hoppers and the viruses spread by them Nevertheless there 
is abundant evidence of certain types of specificity among the 
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aphid \ ectois On the othei hand, theie are numeious examples 
of a single species of aphis transmitting several different vnuses, 
while such cases aie laie among the leaf hoppers 

The leaf hoppers rank next to the aphids m numerical impor¬ 
tance as vectois of vnus diseases The following aie a few 
examples of destiuctive virus diseases that are tiansmitted by 
the leaf hoppers indicated cuily top of sugar beet by Eutettiz 
tenellus Bakei, what appears to be the same 01 a similar disease m 
Argentina by Agallia stictocollis Stal , astei yellows by AI aero steles 
divisa (Uhl) and, to a lesser extent, by Thamnotettiz montanus 
Van D and T germmatus Van D , streak of maize by Cicadulina 
mbila Naude, C zeae , and C storeyi, cranberry false blossom by 
Euscehs stnatulus Fall , dwarf of nee by Nephotettix apicahs 
Motsch , and peach yellows by Maciopsis tnmaculata Fitch 
It will be noted that the vectors mentioned show a high degiee 
of specificity for the diseases transmitted In practically all 
cases, no othei insect vectors are known for the particular virus 
transmitted although many have been tested It is significant, 
also, that the vectors are rarely concerned m the transmission 
of any other virus although their host plants aie often subject 
to several different virus diseases, and the host range of the vnus 
transmitted is often veiy wade 

The plant hoppers, or lantern flies, include several important 
vectors Peregnnus maidis Ashm was reported by Kunkel 
(1922) as a vectoi of com mosaic m Hawaii Ocfemia (1934) 
and Mungomery and Bell (1933) have shown that the Fiji 
disease of sugar cane is transmitted by the two fulgonds (Per- 
Lmsiella vastatux Breddm and P saccharicida Knk) 

White flies have been shown to tiansmit a few vnus diseases 
Leaf crinkle, or leaf cuil, of cotton m Nigei la and Sudan is 
transmitted by Bemisia gossypiper da Misia and Lamba (Golding 
1930, and Kiikpatnck 1930, 1931) The disease is not trans¬ 
mitted by artificial inoculation, and the insect transmission 
appears to be biological and specific although Paoli (1931) 
claims that m Italian Somaliland it is transmitted by a leaf 
hopper (Empoasca faciulis Jac) A similar disease of tobacco 
m Southern Rhodesia, probably caused by the same virus, is 
reported by Storey (19326) as spread by B gossypipei da The 
host range of the virus is not definitely known Cassava mosaic 
is said to be transmitted m Africa by B nigeriensis Corb (Golding 
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1936) and by B gossypiperda var mosaicivectura (Lefevie 1935, 
Storey and Nichols 1938) 

The scale insects and mealy bugs are common sucking insects 
and affect a wide variety of plants, but they have been shown to 
transmit relatively few virus diseases Elmer (1925) and 
Fajarado (1930) have claimed that mealy bugs are vectors of 
bean mosaic, and Olitsky (1925) reports Pseudococcus citn as 
a vector of tomato and tobacco mosaic These reports, however, 
need further study and confirmation 

4 Hemiptera —The insects of this order also have piercmg- 
suckmg mouth parts, and although many of them are plant 
feeders only relatively few are known to transmit virus diseases 
of plants A lace bug of the family Tmgidae, Piesma ( Zosmenus ) 
quadrata Fieb , transmits the crinkle-leaf disease of sugar beet 
m Europe (Wille 1928, 1929) and “savoy,” a similar although 
different disease of sugar beets m the Umted States, recently 
(Coons, Kotila, and Stewart 1937) has been shown to be spread 
by P cmerea 

A few of the plant bugs have been incriminated m the trans¬ 
mission of certain vnus diseases that are easily transmitted by 
mechanical means Most of them belong to the family Mindae 
For example, the tarnished plant bug (Lygus pratensis L) 
tiansmits the spindle tuber of potatoes (Goss 1928), potato 
mosaic (Elze 1927), and spinach blight (McChntoek and Smith 
1918) It is probable that such transmission is purely mechani¬ 
cal and incidental Smith (1934) has pointed out that this 
family of insects, although composing one of the largest groups 
of plant-feeding insects, is relatively insignificant as vectors of 
the viruses He believes that the toxicity of the insect’s saliva 
for the plant tissues m the immediate vicinity of the feeding 
punctuie is responsible for then inefficiency as vectors of virus 
diseases The zone of dead cells surrounding the feeding wound 
apparently keeps the virus from coming m contact with the 
protoplasm of the adjacent living cells The possibility of the 
saliva being toxic to the virus is also recogmzed, but there is 
httle evidence available to support the theory 

5 Coleoptera —-Like the Orthoptera, the members of this order, 
the beetles and weevils, are all chewing insects and play a rela¬ 
tively small part m virus transmission About a half-dozen 
species have been incriminated, including the cucumber beetles 
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[Diabrotica vittata Fabr and D duodecimpunctata (Fabr)] 
and the Colorado potato beetle ( Leptmotarsa decimhneata Say), 
which are reported to transmit the viruses of cucurbit mosaic 
and spindle tuber of potatoes, respectively Both these viruses 
are transmitted readily by artificial sap inoculation, and the 
beetles m all probabihty transmit the virus m a mechanical 
manner 

It will be seen from the foregoing that the sucking insects 
as a group are much more effective as vectors of virus diseases 
than the chewing insects All sucking insects, however, are 
not equally effective Some that feed on virus-infested plants 
appear to be unable to transmit the virus or else transmit it 
mechanically and incidentally Others transmit viruses so 
effectively and with such regularity that it is evident that the 
transmission is the result of a highly specialized adaptation 

METHODS OF VIRUS TRANSMISSION BY INSECTS 

If we consider the methods of virus transmission m the light 
of the system of classification given m Chap IV, it will be seen 
that they practically all fall m class 3, “Dissemination with 
w r oundmg ” Insect transmission of plant viruses without wound¬ 
ing of the plant tissues is not known There are examples of 
purely mechanical transmission and examples of biological 
transmission There are examples of biological transmission 
m which the insect is obligatory and also those m which the 
insect is incidental 

Mechanical transmission is the usual method of those vectois 
v ith chewing mouth parts, such as the grasshoppers and beetles 
Biological transmission is found only m the sucking insects, but 
transmission by sucking insects is not always biological It 
has been shown that many sucking insects transmit viruses 
mechanically and that certain aphids, such as Myzus persicae , 
which transmit certain viruses biologically, may transmit others 
m a purely mechamcal manner Kunkel (1935) listed 25 insects 
that were believed to transmit viruses biologically The list 
has increased since then and includes approximately 35 species, 
composed of about 20 leaf hoppers (including the fulgonds), 
10 or more aphids, 2 or 3 white flies, and 3 or more species of 
thnps The nature of biological transmission of viruses by 
insects is not clearly understood, and the term “biological 
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transmission” is used rather loosely Biological transmission 
of plant viruses by insects usually has one or more of the following 
attributes 

1 An apparent multiplication or increase of the virus m the insect's body 

2 An incubation period m the body of the insect, that is, a necessary 
period after feeding on infected plants before the insect becomes mfective 
or virulifeious 

3 A degree of specificity between the insect and the virus that it transmits 

4 An obligatory relationship 

5 A relation between the age or life stage of the insect and its ability to 
transmit the virus 

6 Congenital transmission of the virus from one generation to the next 

Each of these attributes must be considered m more detail 
if we are to have a clear picture of what is known about the 
biological relationship between insect and virus The nature of 
this relationship has occupied the attention of numerous mvesti- 
gatois during the past few years, and although there are many 
conflicting viewpoints, much progress has been made A critical 
evaluation of some of the most important investigations m the 
field has been published recently by Storey (1939) 

MULTIPLICATION OF THE VIRUS IN THE INSECT BODY 

The evidence foi multiplication or increase of the virus m the 
body of the insect vector is largely circumstantial and is based 
chiefly on the fact that the virus is known to persist m the 
insect’s body for a relatively long time Few quantitative 
measurements have been made, and the evidence is somewhat 
conflicting It has been shown (Kunkel 1926) that the virus 
of aster yellows may persist m the body of a viruliferous leaf- 
hoppei vector kept on nonsuseeptible plants for the length of 
its natural life, which may be as long as 100 days In othei 
insects, where transmission is purely mechanical, the vnus dis¬ 
appears from the vector m a short tune after feeding on an 
infected plant, and the insect becomes nomnfective From this 
it is concluded that the persistence of the virus for long periods 
of time is to be explained by assuming a multiplication m the 
insect’s body It seems reasonable to expect that the small 
amount of the virus taken up m a short period of feeding on an 
infected plant would be lost after feeding for such a long time 
on nonsuseeptible plants unless there were some multiplication 
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m the insect body The chief objection to this assumpiion lies 
m the fact that the so-called “ nonsusceptible ” plants on which 
insects are fed are not completely immune and that a renewed 
supply of virus may be obtained from them However, the 
virus is known to multiply m contact with living plant cells, and 
it seems reasonable that it could also multiply m the tissues of 
insect The fact that it disappears so quickly from some insects 
and survives so long m others suggests the possibility of a 
multiplication of the virus m the lattei 

Fuither circumstantial evidence of multiplication of the vnus 
of aster yellows m its vector is found m the fact, demonstrated 
by Kunkel (1937), that the virus may be inactivated m the 
insect’s body by exposure to temperatuies of 31 to 32 degrees 
for a sufficiently long time, but that if the exposuie is of shoit 
duiation, the insect only tempoianly loses its ability to transmit 
the virus The spontaneous regaining of the vnus is inter¬ 
preted by Kunkel as a multiplication of the small quantity 
of the virus not destroyed by the shorter heat treatment 

Stronger evidence has been presented by Fukushi (1933, 
1935, 1939), who has demonstrated that the virus of the dwarf 
disease of rice is congenitally transmitted through the eggs of 
its vector (.Nephotettiz apicahs) He demonstrated transmission 
of the virus to the seventh generation A single female vector 
infected 38 plants consecutively m 24-hour feeding periods, 
and the progeny of 15 eggs deposited by this female infected 
201 plants without access to new sources of the virus In one 
experiment, the progeny of one viruliferous egg, consisting of 
26 leaf hoppers of five generations, inoculated moie than 1,000 
rice plants Fukushi concludes that, since the amount of the 
virus originally contained m an egg or m the body of a nymph 
must be extremely minute, it seems necessary to postulate the 
multiphcation of the infective principle within the insect 
On the other hand, Freitag (1936) and Bennett and Wallace 
(1938) have presented evidence which leads them to conclude 
that the curly-top virus does not multiply m the body of Eutetkx 
tenellus These workers have shown by quantitative measure¬ 
ments that the virus content of viruliferous leaf hoppers decreases 
with the time elapsing after feeding on infected beets and that 
the time of survival m the vector decreased as the time of 
previous feeding on infected beets was decreased Viruliferous 
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vectors that had become nomnfective by long confinement on 
immune plants regained their mfectivity when fed again on 
infected beets There was no evidence of concentration of the 
virus m the salivary glands, and the evidence pointed to the 
blood, as the principal reservoir of the virus m the insect body 

Evidence for the multiplication of animal viruses m then 
insect vectors is also somewhat contradictory According to 
Davis, Frobisher, and Lloyd (1933), the virus of yellow fever 
does not increase m the body of Aedes aegypii Quantitative 
measurements of the virus weie made by diluting the crushed 
bodies of mosquitoes until no infection was obtained, when the 
diluted suspension was inoculated into susceptible animals 
In contrast to this, Merrill and TenBroeck (1934, 1935) shoved 
that the virus of equine encephalomyelitis would multiply m 
the bodies of A aegyph These workers artificially inoculated 
mosquitoes with the virus through 17 successive transfers, and 
m the last mosquito the concentration of the virus equalled that 
found m the first These facts seem to justify the conclusion 
that this virus multiplies m the body of its insect vector It 
appears that all viruses do not behave alike m regard to this 
phenomenon 

Quantitative measurement of the vnus m the bodies of insects 
is difficult and often may not be reliable when the technique 
involves the inoculation of plants with the juices of crushed 
insects Black (1939) has shown that virus activity is often 
inhibited by insect juices The juices of several species of aphid 
and leaf hopper effectively inhibited the mfectivity of tobacco 
mosaic, and the juices of macerated clover leaf hoppers inhibited 
that of six othei viruses It was shown that the juices did not 
destroy the vnus, because by suitable methods it could be 
separated m active foim from the inhibiting juices It vas 
concluded that the inhibitory action was caused by action on 
the inoculated plant rather than on the virus itself 

THE INCUBATION PERIOD IN THE INSECT BODY 

It is a well-recognized fact that certain vectors of virus diseases 
do not become viruhfeious until a certain time has elapsed aftei 
feeding upon an infected plant This period of delay is usually 
called an “incubation” or a “latent” period although very little 
is known about the nature and cause of the delay. 
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The incubation penod should not be confused with the so-called 
“threshold” penod, which is the shortest length of time the vector 
must feed upon the infected plant m order to secure virus enough 
to become viruliferous The threshold period has been deter¬ 
mined for only a few species Storey (1938) has determined it 
for Ctcadulma mbila and the streak virus and found it to be 
approximately 5 minutes For Eutettix tenellus and the curly- 
top virus it may be as short as 1 minute, according to Bennett 
and Wallace (1938) 

The length of the incubation penod varies with different 
insects and diseases from 20 minutes to 10 days or more and is 
modified by many influencing factors The incubation period 
of the beet curly-top virus m the beet leaf hopper may be as 
short as 20 minutes when a large number of hoppers are used m 
the experiment The shoitest penod obtamed for a single leaf 
hopper is 7 houis (Sevenn 1921) The minimum incubation 
penod m the experiments of Bennett and Wallace (1938) was 
4 hours Swezy thinks that periods as short as 20 minutes or 
even 1 hour are not normal and can be explained by abnormal 
body structure which obstructs passage of the food and virus 
and causes its ejection or regurgitation shortly after it has been 
ingested The possibility of an abnormal and unusually rapid 
passage of the virus through the body into the salivary glands 
is also recognized 

The minimum incubation period for the virus of aster yellows 
m the adult leaf hopper, according to Kunkel (1926), is 10 days 
A longer period is lequired m nymphs Similar incubation 
periods have been shown for a number of othei insect vectois, 
including Cicaduhna mbila and the streak disease of maize 
(■Myzus permcae ), potato leaf roll ( Thnps tabaci ), and the yellow 
spot of pineapple The length of the incubation period appar¬ 
ently is influenced by temperature, the higher the temperature, 
within limits, the shorter the penod (Storey 1928) 

Several theones have been offered to explain the necessity 
for an incubation penod It has been suggested by Smith (1934) 
that the virus particles may be absorbed on the surface of the 
tissues of the insect 7 s mouth parts and that the insect becomes 
infective only after the absorbing surfaces have become saturated 
This, however, would not explain the incubation penod when the 
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insect feeds on infected plants for a short period and is then 
tiansferred to nonsusceptible plants 

The most piobable explanation is based upon the theoiy that 
the virus particles must pass through the vails of the intestinal 
tract into the blood and from theie into the salivary glands 
before they can be introduced into another plant This hypo¬ 
thesis is supported by the fact that the insects m which an incuba¬ 
tion peiiod occurs (Homoptera and Hemiptera) are equipped with 
an esophageal valve that provides a one-way passage of the plant 
sap and prevents regurgitation 

Swezy (1930) and Smith (1931a) have traced the course of 
dyes through leaf hoppers and aphids, respectively, and have 
shown that the dyes reach the salivary glands m a period of 
time shoiter than the incubation period of the virus concerned 
This does not invalidate the hypothesis, for the late of diffusion 
of the virus particles may be much slower than the dyes used 
Stanley (1937a) and others have shown recently that the protein 
molecule composing the virus of tobacco mosaic has a moleeulai 
weight greater than that of any other known protem, and filtra¬ 
tion experiments have indicated that the particles of tobacco 
mosaic virus are among the smaller virus particles Proteins 
of such high molecular weight wrould piobably diffuse more 
slowly than dye particles 

Storey (1928, 1932a, 1933) has thrown some light on the course 
of the virus m the insect by his studies on C rribila and the virus 
of maize stieak Storey discovered a strain of the vector that 
failed to become infective after feeding on infected plants 
He showed that this failure was caused by the impermeability 
to the virus of the wall of the intestinal tract When the intes¬ 
tinal wall w r as punctured with a fine needle after the insects 
had fed upon an infected plant, those insects which recovered 
v T eie infective Storey also v 7 as able to demonstrate the presence 
of the virus m the blood of normal insects aftei feeding on 
diseased plants as early as 5 to 6 hours befoie the insect became 
infective It is highly probable that the normal course of the 
virus is fiom the digestive tract of the insect into the blood by 
diffusion, from the blood into the salivary glands, and from the 
salivary glands into the plant An incubation period based 
on the time required for completmg this course would more 
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neaily explain the known facts than any othei hypothesis pie- 
sented This is about the only way an incubation period could 
be explained m those cases where the virus may be artificially 
tiansmitted by sap inoculation 

Hamilton (1935) has attacked the problem m an interesting 
manner by feeding aphids (M yersicae) on agar containing 
polonium, a radioactive substance, that could be tiaced by 
measurement with an electroscope It was shown that the insect 
picks up the polonium and transmits it m constant amounts to 
leaves on which it subsequently feeds It is concluded that the 
polomum, and m all probability the virus also, is transmitted 
through the insect’s body and not mechanically on the stylets 
The same authoi (Watson 1936) has made a caieful study of the 
factors affecting the transmission of a mi us designated as Hy III 
by M persicae Sulz The virus, which is readily transmitted 
by artificial sap inoculation, appears also to be transmitted 
biologically by the aphis The amount of transmission obtained 
varied with changes of external conditions as well as with condi¬ 
tions wnthm the insect Of particular interest was the fact that 
when the insects wme starved for a few hours before feeding a 
greater efficiency m transmission w T as obtained with feeding 
peiiods of 2 to 5 minutes on infected plants than with feeding 
penods of longer duiation This apparently was not true 
if the aphids were not previously starved Two possible hypo¬ 
theses were offered to explain these results The fiist is based 
on the assumption that some of the vnus is digested by the 
insect and that ‘ starvation may cause the glandulat cells of the 
stomach wrall to enter a lestmg phase, so that the digestive 
enzymes are not secreted until a short time after food has entered 
the mid-gut ” 

The second hypothesis assumes the production of antibodies 
to the virus wothm the insect’s body which, after a shoit time, 
confers partial immunity against the vnus 

The existence of a developmental cycle m the virus comparable 
to that found m certain parasitic protozoa transmitted by insects 
has been suggested by many workers, but there is no evidence 
whatever to support it The conclusion of Stanley (1937a) that 
viruses are m reahty proteins of high moleculai weight, if con¬ 
firmed, would seem to preclude the possibility of any such cyclic 
change 
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The latent penod of the vnus m the plant appeals to vaiy 'with 
the numbei of insects used for inoculation, the shorter latent 
periods usually being obtained when a lelatively laige number of 
\ ectors are used Sevenn (1931) and Caisner and Lackey (1929) 
have explained this by a theoiy of mass action which holds that, 
among other things, the length of the latent period varies in 
indirect proportion to the amount of inoculum mtioduced or to 
the number of vectors used m inoculation This implies a cumu¬ 
lative effect of many small doses of vnus injected by many 
different vectors Storey (1938), on the other hand, feels that 
the evidence does not justify this conclusion, claiming that each 
separate inoculation is independent of all otheis and that several 
submfective doses of a virus cannot unite m the plant to produce 
an infective dose 

SPECIFICITY OF VIRUS TRANSMISSION BY INSECT VECTORS 

There aie numerous w T ell-demonstrated cases of specificity 
between insect vectois and the viruses they transmit The most 
striking examples aie found m those vnus diseases tiansmitted 
by leaf hoppers, including beet cuily top and Eutettix tenellus , 
peach yellows and Maciopsis trimaculata, cranberry false blossom 
and Euscelis stnatulus , etc As other examples of specific rela¬ 
tionships may be mentioned leaf curl of cotton transmitted by 
Bemisia gossypiperda and pineapple yellow" spot transmitted by 
Thnps tabaci One should i emember, how r evei, that the evidence 
for specificity of tiansmission is geneially of a negative character 
and that there is always the possibility of additional vectors being 
discovered 

Although tiansmission is biological and there is a certain 
amount of specificity, the specificity is not alw-ays absolute, and 
transmission of a given disease is not ahvays confined to one 
species of insect Aster yellows, for many years thought to be 
transmitted only by Maci osteles divisa , is now" known to be 
tiansmitted by three different species of leaf hopper (Sevenn 
19345) Spotted wilt of tomato is transmitted by two species of 
thiips (Smith 19316, Samuel and Bald 1931), rice dwarf by two 
species of leaf hoppei, maize streak by three species of leaf 
hopper, and potato leaf roll is transmitted by at least six species 
of aphid These viruses are all biologically transmitted, and 
each one is transmitted by closely related species of sucking insect 
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Gioup specificity m tiansmission is the most common condition 
among the aphid \ ectors 

There axe also insects that biologically transmit two distinct 
vims diseases, yet show a high degiee of specificity for the two 
diseases and appear to be unable to transmit other viruses that 
affect their host plants As examples may be mentioned M 
dwisa , which tiansmits two distinct stiams of aster yellows, 
Myzus persicae, which tiansmits biologically potato leaf roll and 
also dahlia mosaic (Bnerly 1933), and Aphis gossypn , which is a 
vectoi of both “yellow flat” and mosaic of lilies 

Specificity is manifested by certain insects that tiansmit selec¬ 
tively one vnus from a plant affected with two or moie distinct 
viruses Hoggan (1929, 1930, 1931, 1933, 1934) has shown that, 
when Myzus persicae, M solam, and Macrosiphum get are fed on 
tobacco plants affected with both cucumber mosaic and tobacco 
mosaic, they will transmit only the vnus of cucumber mosaic 
This specificity may be based not on a biological lelationship with 
the vectors but rathei with the feeding habits of the insects on 
the tobacco plants, for they will readily transmit the tobacco virus 
from tomato plants Smith (1931a) has leported selective trans¬ 
mission m which diffeient viruses weie consistently transmitted 
from the same compositely infected potato plant by insect and 
needle inoculations, respectively 

In contrast to the high degree of specificity shown by ceitam 
insects and viruses, it is known that the yellow dwarf of onions 
may be transmitted leadily by more than 50 species of aphids as 
well as a numbei of other sucking insects Likewise, a single 
aphid (M persicae Sulz) is known to transmit moie than 20 
different viruses 

The apparent specificity of ceitam groups of insects for vuuses 
that pioduce similai symptoms has led to the use of insect rela¬ 
tionships m the classification of viruses (Elze 19316, Storey 1931, 
Johnson and Hoggan 1935, Smith 1934) According to Smith 
there are four more or less distinct groups as follows (1) the 
mosaic group transmitted largely by aphids, (2) the yellows group 
transmitted by the leaf hoppers, (3) the group characterized by 
the production of spots with concentric rings, tiansmitted by 
thrips, and (4) those transmitted by the white flies and causing a 
thickening of the veins and abnormal leafy outgrowths on the 
lower side of the leaves The extent to which insect relationships 
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Table I —The Classification of Pl-int Viruses 1 





Not transmissible 
by aphids (Ci ) 

Transmissible by leaf 
hoppers (D i) 



Not transmissible 
mechanically by 
plant extract (Pi) 

Not transmissible by 
leaf hoppers (D ) 



Transmissible by 
aphids (C ) 

Rosaceae susceptible 

(DO 


Transmissible 
by sucking 
insects (^.i) 


Rosaceae not sus¬ 
ceptible (DO 



Longevity m vitro 
less than 7 day s 
at 22°C (Ci) 

Thermal death point 
below 60°C 10 mm 
(DO 



Transmissible me- 
1 chamcaily by 

plant extract ( B ) 

Thermal death point 
60°C or above 10 
mm (Z> ) 




Longevity in vitro 

7 days or more at 
22°C (C) 

Thermal death point 
below 80°C 10 

mm (DO 

The plant 
viruses 



Thermal death point 
80°C , or above 10 
mm (D ) 



Longevity m vitro 

7 days or more at 
22°C (Ci) 

Thermal death point 
60°C or above 10 
mm (£>i) 



1 ransmissible me¬ 
chanically by 

plant extract (B i) 

Thermal death point 
: less than 60°C 10 

min (D ) 



Longevitv in utro 
less than 7 da\s at 
22°C (C) 

Thermal death point 
60°C or above, 10 
mm (DO 


Not trans¬ 
missible by 
sucking in¬ 
sects (4») 


Thermal death point 
less than 60°C 10 

mm (D ) 



Transmissible by 
grafting (Ci) 

Potato susceptible 

(DO 


Not transmissible 
mechanically by 
plant extract (B ) 

Potato not suscepti¬ 
ble (DO 



Not transmissible 
by grafting so far 
as known (CO 

Transmissible by 
other vegetative 
means (D i) 




Not transmissible bv 
other vegetative 
means (DO 


1 After Johnson and Hoggan (1935) 
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may be used in virus classification is shown m the scheme for 
classifying the majoi groups proposed by Johnson and Hoggan 
(1935) (see Table I) 

The nature and cause of the specificity shown by ceitam insect 
vectors and the viruses they transmit have nevei been satisfac¬ 
torily explained A work of gieat significance m the study of 
this problem is that of Storey (1932a, 1933) m which it was shown 
that within a single species (Cicaduhna mbila Naude) there aie 
two strains or laces, one of which is unable to tiansmit the virus 
of maize streak These two races were designated as “inactive” 
and “active” according to their ability to tiansmit the vnus 
By bieedmg experiments, the ability to transmit the virus was 
shown to be inherited as a dominant sex-lmked chai actei Thus 
when active females were ciossed with inactive males, the F x 
progeny were all active while the F 2 generation yielded active 
females and both active and inactive males When active males 
were crossed with inactive females, the Fi generation contained 
active females and inactive males The F 2 of this cross produced 
both active and inactive females No moiphological diffeiences 
between the races were observed Fuithei experiments showed 
that both active and inactive insects ingested the virus, which 
could be detected also m the feces of each lace In the inactive 
lace, the virus was unable to diffuse thiough the intestinal wall 
into the blood and consequently did not reach the salivary glands 
When the intestinal walls of inactive insects weie punctuied with 
sharp needles after or just before feeding on infected plants, they 
became infective The essential difference between the laces 
appears to he m the unequal permeability to the vnus of the 
intestinal walls This is a veiy significant discovery and suggests 
that specific selective permeability of the intestinal walls of the 
insect vectois may account foi much of the specificity obseived 

Individual differences in ability to transmit a virus have not 
been so well demonstrated foi any other vector of plant viruses, 
but Huff (1931) has leported a similar condition m two species of 
mosquito (Culex spp ) m relation to Plas?nodium cathemerium , 
the cause of bird malaria The ability of these vectors to trans¬ 
mit the pathogen is mhented, according to Huff, as a simple 
Mendekan recessive factor 

Bennett and Wallace (1938) have shown that several species of 
insects which are not vectors of curly top of beet, including M 
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persicae, A rumicis, Aceratogalhs calif or maca, Hercothnps 
femoralis , and others, acquired the virus by feeding on infected 
beets and letamed it foi periods ranging from 1 to 21 days but 
were unable to transmit it to sugar beets It was concluded that 
the inability of these insects to transmit the vnus was caused by 
the piesence of an effective bainer to vnus passage m some pait 
of the insect’s body 

THE OBLIGATORY NATURE OF INSECT TRANSMISSION OF 
CERTAIN VIRUSES 

When a vnus can be tiansmitted only by one or two closely 
related insects and cannot be transmitted artificially (except by 
giaftmg), the insect transmission is consideied obligatory There 
are few, if any, viruses that cannot be tiansmitted by grafting 
Failuie to transmit a disease by grafting would be stiong pie- 
sumptive evidence that it is not caused by a vnus Obligatoiy 
insect tiansmission obviously must be based on negative evidence, 
and theie is always the possibility that a suitable techmque for 
artificial transmission will be discoveied Neveitheless, failure 
of all xecogmzed methods of tiansmittmg the mi us except by 
giaftmg and thiough the agency of specific insect vectois, is 
consideied good evidence that transmission is not mechanical 
but that a biological lelationship is concerned The following 
virus diseases aie good examples of those which have not been 
transmitted artificially except by giaftmg, and the insect vectors 
indicated are consideied essential foi the spread of the disease m 
nature The list, of couise, is subject to modification by new 
evidence 

1 Aster yellows [Macrosteles divisa (Ulil ), Thamnotettix montanus Van D , 
and T germmatus Van D ] 

2 Dwarf of rice (Nephotettix apicalis Motsch and Deltocepkalis dorsahs 
Motsch ) 

3 Peach yellow T s (Maciopszs tnmaculata Fitch) 

4 Cranberry false blossom (Euscelis striatulus Fall) 

5 Streak of com [Cicaduhna rribila (China), C stonyi China and C zeae 
China] 

6 Fiji disease of sugar cane (.Perhnsiella vastatrix Breddm and P sac- 
charicida Kirk ) 

7 Cotton leaf curl (.Bermsia gossypiperda Misra and Lamba) 

8 Leaf curl of sugar beet (.Piesma quadrata Fieb ) 

Johnson and Hoggan (1935) hst 28 viruses that are tiansmitted 
specifically by sucking insects and aie not transmissible mechan- 
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ically by plant extracts, and there have been several additions 
since the tabulation was made 

THE RELATION OF THE AGE OR LIFE STAGE OF THE INSECT 
VECTOR AND ITS ABILITY TO TRANSMIT THE VIRUS 

Anothei indication of biological transmission of viruses is 
offered by certain vectors that are unable to tiansmit the vnus m 
the nymphal or larval stages Kunkel (1926) showed that 
nymphs of Maciosteles divisa (Uhl) often were unable to transmit 
the vnus of aster yellows This was explained by pointing out 
that the minimum incubation period of the insect was longer 
than the period of metamorphosis 

A somewhat different relationship exists between the thnps 
(Thrips tabaci and Frarikhmella lycopersici ) and the viruses they 
transmit Bald and Samuel (1931) have shown that, m order to 
transmit the vnus of the spotted wilt of tomato, F ly coper sici 
must have fed m the larval stage on infected plants The adults 
appear unable to pick up the virus by feeding Lmfoid (1932) 
showed the same relationship for T tabaci and the yellow spot of 
pineapple Smith (1932) confirmed this peculiar relationship m 
transmitting the spotted wilt of tomato with T tabaci 

The relationship heie is more difficult to explain than that 
between M divisa and the aster-yellows virus because the thrips 
live m the larval stage much longer than the incubation period, 
which is larely longer than 10 days It is still more difficult to 
explain when we recall that the virus of spotted wilt may be 
transmitted mechanically by sap inoculation The explanation 
m all piobabikty must be sought m the anatomy or physiology 
of the digestive system of the insects 

CONGENITAL TRANSMISSION OF VIRUS IN THE INSECT VECTOR 

Despite the intricate biological relationships between vuuses 
and their insect vectors, congemtal transmission of viruses 
appears to be the exception rather than the lule As early as 
1918, McChntock and Smith reported that the virus of spinach 
bhght was transmitted from infective aphids ( Myzus persicae 
and Macroszphum gei) to their viviparously produced young 
through four generations These conclusions were based on the 
assumption that the host on which the young were reared was 



INSECTS AND VIRUS DISEASES 


301 


immune to the virus, an assumption latei proved to be erroneous 
Hoggan (1933) and otheis have been able to show that such con¬ 
genital tiansmission does not occui m these aphids Similar 
pi oof of the nomnhentanee of the vnus of potato leaf roll by 
aphids has been obtained by Elze (1927) and Smith (1929) 

Many leaf-hopper vectors do not tiansmit the virus to then 
offspring Bennett and Wallace (1938) have shown that the 
Mrus of cuily top is not transmitted through the eggs Similar 
conclusions weie leached by Kunkel (1926) m legald to the aster- 
yellows vnus and Macrosteles divisa and by Storey (1928) for 
maize streak and Cicadulma mbila 

However, m 1933 and 1939 Fukushi presented evidence to 
show that the virus of the dwarf disease (stunt) of nee is con¬ 
genitally transmitted through the eggs of the \ectoi (Nephotettix 
aptcahs Motsch var cmdiceps Uhl) Insects of known history, 
males and females m pairs, some infective and some nonmfective, 
w ere placed on healthy lice plants enclosed m glass tubes where 
they weie allowed to lemam only 1 day, being transferred to 
new healthy plants each day Eggs weie deposited m the lowei 
part of the leaf sheath As the young nymphs emeiged fiom 
the eggs, they veie transfer led individually to healthy plants 
befoie they had an oppoitumty to feed on the plants m which the 
eggs weie deposited They were kept on these plants for 2 
months or longer 

The lesults indicated that the virus was transmitted through 
the eggs to the nymphs When infective females weie paned 
with infective males, the majority of the offspring m all progenies 
was infective When infective females were paired with non- 
inf ective males, both infective and nonmfective piogemes were 
found, but vhen nonmfective females weie paned with infective 
males, none of the piogemes was infective 

Fukushi states that when eggs v eie depositedminfected plants 
by nonmfective females none of the progeny was mfectne 
This is added evidence that the eggs become infected m the early 
stages of development m the ovaiy Since some individuals 
of the progemes from infective females weie nonmfective, it 
was concluded that some of the ovanes may escape infection 
Because of the significance and striking nature of these results 
the tabulated summary of FukushTs expenments is given m 
Table II 
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THE EFFECT OF THE VIRUS ON THE INSECT VECTOR 

In view of the close biological lolationship shown by ceitam 
vnuses and their insect vectois, one natuially is mteiested m 
knowing what effect the virus has upon the insect Is the insect 
infected with a vnus disease like the plant? This is peihaps only 


Table II — Congenital Transmission of Virus of Rice Dw vrf in the 
Leaf Hopper (Nephotettix apicalis)* 


Paients 

No of progeny 

No of virulifei - 

Female 

Male 

tested 

ous progeny 

Infectu e female 
e279-4-3 (f ) 

X lnlectn e male 
e279-4-i(#') 

7 

5 

e'34( ?) 

e'29( tT) 

14 

13 

e'39( f) 

e'36(f) 

8 

8 

e'49(f) 

e'68(tf) 

4 

4 

e'53( ? ) 

e'58(^) 

1 

1 

Infective female X 
e279(? ) 

nomnieetive male 
a( cf) 

13 

13 

el51-4(f) 

bftf) 

16 

15 

el51-lf *) 

c(d') 

26 

17 

el51—A-4( •) 

d( <?) 

6 

0 

e279-4(?) 

efcf) 

35 

33 

e279-l ( f) 

i(<?) 

27 

0 

elol-l-16( ?) 

gfc?) 

30 

0 

e'olf f) 

hCcf) 

8 

8 

e279-4-5-3-3( ?) 

if &) 

5 

5 

e'Q2(9) 

Kef) 

2 

2 

e'69( f) 

Ucf) 

2 

0 

e'65( f) 

Kef) 

1 

1 

e'61( t ) 

m(cf) 

12 

6 

Nomnfectn e femal 
a (Q) 

e X infective male 
| e 151-1-22 (#*) 

9 

0 

b( 9) 

el51-l-l3(«f) 

19 

0 

c($) 

e'151-l-13(«f) 

5 

0 

d(9) 

e'47 («f) 

9 

0 

e( 9) 

e279-4-32(V) 

14 

0 

f(9) 

e'64(*) 

4 

0 

g(9) 

e'72<V) 

3 

0 


* Fukushi and ? denote infective male and female, respectively, and cf and 9 
stand for nonmfectne ma’e and female 


an academic question and may depend entirely upon our defini¬ 
tion of a disease No one has evei obseived a detrimental effect 
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of plant v 11 uses upon the insect vectois Theie are several veiy 
destructive urns diseases of insects, and it is obvious that the 
effect of the plant muses on the insects is m no way compaiable 
to these Dobioscky (1931) was unable to find by histological 
methods any lesion oi any \isible effect of the virus of aster 
yellows on the leaf-hoppei vectoi Smith (1934) stated that he, 
too, was unable to find any \isible effect of two potato vnuses 
on aphids Blattny (1931), on the othei hand, found that the 
aieola around the nucleus of the cells of the salnaiy glands was 
daikei m infective aphids than m nomnfective ones Hartzell 
(1937) lepoits the piesence of mtiacellulai inclusions m the cells 
of the intestinal wall and sahvaiy glands of vnuhfeious speci¬ 
mens of Macropsis tnmaculata , the mctoi of peach yellows 
These bodies weie similai to tho^e obsen eel m the cells of infected 
peach tissue, and they weie not found m healthy peach tissue oi 
m nonvnulifeious leaf hopjieis Similai bodies w^eie observed 
m vnuhfeious specimens of Maciodeles divisa and m asteis 
affected with yellows The observations weie made on living 
tissues and unstained fixed matenal This is the first report 
of inclusion bodies m the insect vectois of plant vnuses It 
shows that the vnus is m intimate contact wuth the piotoplasm 
of the cells of the insects but does not necessanly mean that the 
insects aie affected wnth a virus disease Whatever may be 
the significance of the cell inclusions, it is probably true that the 
Airuses are less injurious to the insect vectois than to plants 
It has been obseived that the sucking insects winch include 
the specific vectois, aie all provided with a mycetome It often 
has been suggested that the mycetome or its symbiotic micro¬ 
organism may be m some way related to the viruses transmitted 
by the insect How evei, no convincing evidence of such a rela¬ 

tionship has been presented Carter (1939) failed to find any 
c oi relation between the piesence of symbiotes m Cicaduhna 
t ibila and then ability to transmit the virus of maize stieak 
Stanley (1937a) has shown that one of the chief effects of the 
tobacco-mosaic virus on the tobacco plant is to dominate protein 
metabolism so that abnormally large amounts of a foreign 
protein (the virus) are synthesized Since there is some evidence 
that the virus multiplies m the insect vectois, it is likely that the 
virus modifies the nitrogen metabolism of the insect It is 
difficult to determine to what extent ths effect is injurious It 
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is entuely possible that the vnus m some way may be beneficial 
to the insect sector Stanley (19376) and Bawden arid Pmo 
(1937) have concluded that the soluble-protein content of tobacc o 
plants affected with tobacco mosaic is considerably higher than 
that of healthy plants Although this conclusion has been 
questioned by Martin, Balls, and McKinney (1938) and the total 
protein is not increased by all viruses m all plants, it is agreed 
that the nitrogen metabolism of the diseased plant is greatly 
altered It is not known m what form the modified piotem 
occurs, but apparently much of it is the actual virus piotem It 
is well known that the protein supply is the limiting factor m 
the nutrition of insects which feed on the sap of plants and that 
they must ingest very large quantities of water and caibohydiates 
m oidei to get enough nitrogenous food foi normal nutrition 
Mumford and Hey (1930) have pointed out that a high nitrogen 
content of plants stimulates reproduction m insects which feed 
upon them and m general makes the plant more susceptible to 
insect attacks A higher protein content or a higher percentage 
of a more suitable piotem m available form would be of decided 
benefit to the sucking insects It is not yet known whether 
insects are able to utilize the virus proteins as food oi whether 
the virus proteins m any way influence then metabolism Wat¬ 
son (1936), m an effort to explain ceitam facts concerning the 
transmission of a virus by Myzus peisicae, has suggested that 
some of the virus may be digested by the insects and that only a 
part of the ingested virus is needed for effective transmission 
Feeding experiments with the vanous vectors and purified virus 
proteins should throw light on some of the obscuie relationships 
between insect and vector 

Complicated structures or complicated adaptations rarely 
occur m nature without sen mg some important function They 
usually arise through natuial selection on the basis oi then 
survival values One is therefore inclined to look for the possible 
benefits derived from the association by each of the associated 
entities Numerous cases have been cited of the evolution of an 
association of insects and microorganisms for mutual benefit 
Theie is no convincing reason why association of insects and 
viruses may not have arisen m a similar manner It requn es very 
little imagination to see such a beneficial association between the 
leaf hopper (.Eutethx ienellus) and the curly-top virus According 
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to Cartel (1930), this insect is very susceptible to high humidity 
and thnves best m and regions m relatively thin stands of its 
host plants It will not thnve m heavy luxuriant stands of 
weeds or sugar beets If sugai beets are w ell developed m a good 
stand when the leaf hoppeis migiate to the beet fields, the hoppeis 
do not multiply xapidly on account of the high lelative humidity 
and do not build up laige populations On the othei hand, if 
the hoppeis migrate to the field when the plants aie small, the 
unfavoiable humidity of dense stands is piecluded by infecting 
the plants with the cuily-top vnus and pi eventing their noimal 
development If the leaf hoppeis were not vectors of the curly- 
top vnus, the sugar beets would glow normally and m all proba¬ 
bility vv ould not be a favored host of the leaf hopper 

The question of whether a vnus-infected plant is a moie 
favoiable host than a healthy plant foi the insect v ectoi has been 
given veiy little attention m vnus studies It is of mteiest, 
theiefoie, that Cartel (1939a) m a lecent study of populations of 
Thnps tobaci, with lefeience to tiansmission of pineapple yellow 
spot, has found that the populations on diseased weeds (Emilia 
sonchifolia) aie consistently higher than those on healthy plants 
It is concluded that infected plants are moie suitable hosts foi 
the vector because, as a result of delayed maturity, they peisist 
foi a longei time than healthy plants, and because the excessively 
curled leaves affoid valuable shelter foi the vectoi 

The benefits, if any, derived by the vectors of other virus 
diseases aie not so evident The dependence of the virus upon 
the insects foi tiansmission is obvious and leaves no doubt of the 
benefits denved from the association by the virus Whatever 
the significance of the association may be, there is yet much to 
learn about the relationships between the viruses and then 
i ectors The problem offers a fascinating field of research, and 
its solution should be of fundamental significance m the fields of 
both plant and animal pathology 
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CHAPTER IX 


INSECTS AND VIRUS DISEASES ( Continued ) 

SELECTED EXAMPLES OF VIRUS DISEASES TRANSMITTED BY 

INSECTS 

The number of vnus diseases of plants known to be tians- 
mitted by insects is so very large that it is impiactical to discuss 
them all m detail Smith (1937a) lists a total ol 136 vnuses, 
excluding the numeious stiams of those givennumencal lank, and 
neaily all of them aie transmitted by one 01 moie species ol 
insects Holmes (1939) has applied Latin binomials to 89 species 
and 30 vaneties Although theie is wide vanation in the lela- 
tionships between the viruses and their insect vectois, the 
principles involved m transmission are essentially the same foi 
many of the virus diseases Moreovei, the mfoimation about 
the methods of insect transmission is meagei foi some of them 
Therefore, only a few of the better known vims diseases, selected 
to illustrate repiesentative types of transmission, will be dis¬ 
cussed, and these will be treated primarily from the standpoint of 
transmission phenomena 

An effoit has been made to arrange the diseases m gioups 
according to the methods by which they are tiansmitted m 
natui e, v ith pai tieular reference to insect vectoi s Foi a numbet 
of obvious leasons, it is not possible to diaw sharp lines between 
the diffeient gioups It is believed, howevei, that the an align¬ 
ment followed will aid m visualizing the impoitant featuies of 
insect transmission of the vnus diseases 

1 TRANSMISSION BY MECHANICAL SAP INOCULATION, INSECT 
TRANSMISSION PURELY MECHANICAL 

Potato Spindle Tuber (Solanum Virus 12*).—The name 
“spindle tuber” was applied to this disease by Maitm m 1922. 
Its infectious nature was established first by Schultz and Folsom 
(1923) who showed that it could be transmitted by aphids and 

* Classification of Kenneth Smith (1937a) 
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also by aitificial sap inoculation It is selected as an example 
of a highly infectious \ 11 us transmitted mechanically and non- 
specifically by many diffeient insects Spindle tubei has been 
found to be distubuted geneially thioughout the potato-growing 
legions of the United States, according to Smith (1934), it is not 
known m Euiope Because of the rapidity with which the 
disease spreads m natuie and the difficulty of detecting infected 
plants m eaily stages of development, spindle tubei is one of the 
most difficult to conti ol of all the virus diseases affecting potatoes 



Fig 135—Potato spindle tuber The tubers on the left are healthy, those on 
the right are affected with spindle tubei 


The most chaiactenstic symptom of this disease, as indicated 
by the name, is the tendency of tubei s to become excessively 
elongate, foimmg a spindle-shaped tuber tapeimg most at the 
bud end (Fig 135) The coloi of the tubeis of led varieties 
become less intense, the eyes at the apex aie shallow and moie 
numerous, with piotruding “eyebrows” The yield of maikct- 
able tubers is always gieatly reduced 

The symptoms of spindle tuber have been confused with those 
of unmottled curly dw T arf, a disease very similar m many respects 
but thought by some woikeis to be caused by a distinct virus 
The most extensive compaiative study of the two diseases has 
been made by Goss (1930) Both diseases apparently have a 
narrow host range, as interspecific inoculations have failed to 
tiansmit them to othei solanaceous species 
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Transmission of Spindle Tuba —Spindle tubei is highly 
infectious and is leadily tiansmitted by many different agencies 
It is easily tiansmitted by various methods ol artificial sap 
inoculation Goss (1931) has shown that spindle tubei, as well 
as unmottled curly dwaif, is tiansmitted icadily by contact of 
cut seed pieces and by the cutting knife, as many as foui succes¬ 
ses e seed pieces being successfully inoculated with the knife 
following its use m cutting a diseased tubei 

As would be expected with such a highly infectious disease, 
it is tiansmitted readily by many diffeient insects Goss (1931) 
tested the insects that weie most prevalent on potatoes in 
Nebraska and succeeded m demonstrating transmission by the 
following grasshoppers (. Melanoplus spp), flea beetles ( Epitnx 
cucumerus Hams and System taeniata Say), the leaf beetle 
[Disonycha triangularis (Day)], the tarnished plant bug (Lygus 
piatensis L), and the laivae of the Coloiado potato beetle 
(Leptmotarsa decimlmeata Say) A small number of trials with 
the leaf hopper ( Euscelis entiosus) gave negative results Trans¬ 
mission by aphids (. Macrosiphum gei and Myzus persicae ) had 
previously been demonstrated by Schultz and Folsom (1923) 
Unmottled curly dwarf was transmitted by the same species of 
insects with the exception of the leaf beetle (D triangular is) 

The results of these experiments indicate stiongly that insect 
transmission is entirely mechanical and that almost any insect 
that feeds on the potato and moves fiom plant to plant is a poten¬ 
tial vector of the virus In all probability, this fact accounts 
for the very lapid spread of spindle tubei under field conditions 
Breritzel (1935) has reported an experiment showing the rapidity 
of spread of spindle tubei m Noith Dakota Beginning with 
selected healthy seed stock, 1,000 tubeis, selected at random, 
were replanted for 3 successive yeais No precautions were 
taken to preA ent the spread of the disease After 3 years, 95 pei 
cent of the plants were definitely affected with the disease Goss 
(1929) reported a spiead of 42 4 pei cent by spindle tuber in 
Nebraska aftei 4 yeais, as compaied with 9 7 per cent spiead by 
leaf roll Mild mosaic and rugose mosaic spread moi e slowly than 
leaf roll In one year, when insects weie moie abundant, there 
w T as an increase m spindle tuber infection fiom 14 to 42 per cent 

Control of spindle tuber is relatively difficult and obviously 
depends upon rigid inspection of seed stock, early recognition of 
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affected plants, piompt logumg, caieful bin selection of seed 
tubeis, and as effective contiol as possible of all insects 

Tobacco Mosaic (Nicotiana Virus 1) —There aie seveial 
diffeient vnuses that attack tobacco One of these (Nicotiana 
virus 1) has been studied more intensively than any other plant 
vnus This is piesumably the virus or one of the vnuses con¬ 
cerned m the classical work of Allaid (1914 to 1917) and that 
of othei pioneeis m vnus investigations It is the fiist virus to 



Fig 136 —Tobacco leases shoeing the symptoms caused bj tuo strains of com¬ 
mon tobacco mosaic (After Valleau and Johnson ) 


be isolated m the ioim of a puie crystalline piotem (Stanley 
1937a) It causes a vanable mosaic pattern of light- and daik- 
gieen aieas on tobacco leaves (Fig 136) but causes many 
different symptoms on othei plants 

Transmission of Tobacco Mosaic —Even though this virus 
disease has been studied intensively, theie is still much confusion 
m regai d to the methods of transmission Foi many yeais, it 
was thought to be transmitted largely by aphids Although it 
was on the tobacco plant that a -virus disease was first proved to 
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be transmitted by aphids (Allaid 1917), these insects appaiently 
are not mipoitant vectois of this paiticulai vnus The tobacco 
plant is not a fa\ oiablc host foi aphids, and Hoggan (1930, 1931, 
1934) has shown that Myzus peisicae, M pseudosolam , M 
cncumfleius , and Macrosiphum solamfoln, the most common 
aphids on tobacco, do not tiansmit this vnus fiom tobacco to 
tobacco, although they will tiansmit it fiom tomato to tobacco 
and othei solanaceous hosts Howevei, these insects will tians¬ 
mit the cucumbei mosaic from tobacco to tobacco and fiom 
tobacco to othei hosts This virus (Nicotiana virus 1) is highly 
infectious by aitificial sap inoculation, and it is piobable that 
under field conditions it is transmitted chiefly by man m the van- 
ous operations of cultivation 

Little is known of the natuie of insect transmission of this 
vnus It is difficult to understand why the aphids do not iians- 
mit mechanically such a highly infectious vnus Also, the 
differential and specific transmission by the aphids of the various 
viruses that affect tobacco suggest some soit of biological rela¬ 
tionship Theie is still much to learn about the subject The 
isolation of this vnus m puie ciystallme form (Stanley 1937a, 
1938a, 1938 b) should make it possible to learn a gieat deal moie 
about the piopeity of the mi us and about the ways m which it 
may be transmitted 

Yellow Dwarf of Onions (Allium Virus 1) —Yellow dwaif is a 
relatively new disease of onions, having been obseived foi the 
fiist time m Iowa m 1927 It was very destiuctive m local aieas 
and spread rapidly until methods of conti ol were devised The 
vnus natuie of the disease was established in 1929 by Melhus, 
Reddy, Hendeison, and Vestal More detailed investigations 
have been repoited by Diake, Hams, and Tate (1932, 1933) and 
Hendeison (1935) 

The most characteristic symptoms of yellow dwaif are the 
yellowmg, crinkling, and dwaifing of the leaves and flowei stalks 
(Fig 137) Undeidev eloped bulbs of little commeicial value 
are produced by diseased plants Infected plants pioduce 
normal seed but about 30 per cent less than healthy plants 

Transmission of Yellow Dwarf —Yellow dwarf is leadily trans¬ 
mitted by artificial sap inoculation and by moie than 50 different 
species of aphids Of these the following species are most 
commonly found on onions and are probably of greatest impor- 
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tance Macrosiphum pisi (Kalt ), Aphis lumicis L , Aphis hell- 
anihi Monell, Hyalopteius atriphcus L, and Rhopalostphum 
piunifohae Fitch Tiansmission of these insects apparently is 
entnely mechanical If theie is an incubation penod m the 
insect, it is extiemely shoit E\en though the disease is tians- 
mitted readily by aitificial sap inoculation, ceitam insects such 
as giasshoppeis, beetles, cutwoims, coleopteious laivae, onion 
maggots thnps, and bulb mites do not transmit the disease 



Fig 137 —Yellow dwaif of onion Foui diseased plants compaied with the two 
healths plants in the center (.After Hendei6on ) 


(Diake et al 1933) The onion is not a piefened host foi any of 
the aphid vectois, and none of them bleeds on the onion In 
addition to the aphids, the six-spotted leaf hoppei (Maa ostdes 
dwisa ) and a mealy bug (Phenacoccus sp ) have been lepoited 
as vectois 

The latent penod of the disease m omons is about ten days 
The virus is inactivated m 112 hours by aging m vitro and m dned 
ornon leaves The vnus is not transmitted m the seed of the 
onion It suivives the vuntei chiefly m infected bulbs, eithei 
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volunteer plants 01 m commeicial sets The vims does not ovcr- 
w intei m the soil and is not spiead to any extent by cultivation 
piactices 

Rather effective contiol has been seemed by a system of 
gieenhouse indexing ol onion sets and by using sets that have 
been grown m legions vvheie yellow dwail does not occui Good 
lesults hav e been obtained also by spiaying to conti ol the aphids 
The destruction of volunteer onions is likewise ol some value 
By the combined use of these piactices, all based on a knowledge 
of the vanous means of transmission, the pievalcncc of the 
disease m a given aiea was i educed fiom 40 pei cent m 1928 to a 
trace m 1934 

Cucumber Mosaic (Cucumis Virus 1) —Cucumbeis aie 
affected by more than one vnus, but the one designated by John¬ 
son (1927) as cucumber mosaic vnus 1 is the most pievalcnt and 
is the cause of the disease descubed m detail by Doolittle (1920) 
The disease is very destructive and is a limiting factoi m cucum- 
bei cultuie m many regions wheie the crop has been giown 
intensively over a period of years It is destructive to green¬ 
house plants as well as to those grown m the field 

The virus is not confined to cucumbeis but has a relatively 
wade host range, affecting not only other cucurbits but also many 
distantly related species Fuitheimore many common weeds 
may act as caineis of the vnus It commonly survives the 
winter m the roots of peienmal weeds, and these may serve as 
sources of infection foi the cultivated ciop The frequency ol 
weed infection makes practical control m the field veiy difficult 

The symptoms appear first on the young leaves as a typical 
mosaic pattern of light and daiker green areas (Fig 138) The 
leaves are slightly cuiled, and, as they giovv older, then color 
becomes lighter yellow Eventually they die, becoming dry, 
brown, and brittle Diseased plants are greatly stunted, and 
the yield is strikingly decreased Affected fruits are mottled 
with light- and dark-green areas which are laised above the 
surface to form characteristic vvaity piotubeiances The cucum¬ 
bers are distorted and undersrzed, the qualrty of the flesh is pool, 
and the market value is almost negligible 

Transmission of Cucumbei Mosaic —Piimary infection usually 
arises from a virus that has survived the winter m the roots of 
susceptible weeds, such as milkweed (Asclepias syriaca ), poke- 
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weed (. Phytalacca decandra ), and the wild giound cherry (Physalts 
sp ) The virus may be transmitted also m the seeds of the 
wild cucumbei ( Micrompelis lobata) and m a \ ery small percent¬ 
age of the seeds of muskmelons (Kenduck 1934) 

Cucumbei mosaic is leadily transmitted by artificial sap 
inoculation, being commonly spiead m piunxng, picking, and 
cultivating operations It is also transmitted by insects, chiefly 
Aphis gossypn Glov , although it may be tiansmitted less readily 
by Myzus peisicae Sulz , ill pseudosolam Theob , 3/ cncum - 
flexus Buckt, and Macrosiphum gei Koch (Hoggan 1930) It 
is believed by some woikeis (Doolittle and Walkei 1928) that 



Fig 138 —Cucumber mosaic A on fruits B, on a leaf (After Doolittle) 


aphid tiansmission of this mi us is puiely mechanical since the 
aphids lose then infectivity aftei a veiy shoit period of feeding 
Howevei, the question is open foi furthei study because of the 
selective tiansmission of the cucumbei vnus by ceitam species of 
aphids fiom tobacco plants affected with both cucumber-mosaic 
virus and tobacco-mosaic virus, as demonstrated by Hoggan 
(1929, 1930, 1931, 1933) 

In addition to aphids, the striped cucumber beetles (Dia- 
brotica vittata Fabi and D duodecimpunctaia Oliv ) may transmit 
the virus to a considerable extent Tiansmission of the virus 
by these chewing insects apparently is puiely mechanical 

Cucumbei mosaic may be controlled readily m gieenhouses by 
thorough insect control and by careful rogumg of infected plants 
as soon as the symptoms appeal (Doolittle 1924) In the field, 
effective control is not so practical A leasonable degree of 
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control has been icpoited in local aicas by thorough eradication 
of the weed cameis in and about the fields (Doolittle and Walker 
1926) Howeiei, this has not been piactical foi the individual 
growei 

Western Celery Mosaic (Apium Virus 1) —Thcic aic seveial 
viruses that affect celery some of which aie better known foi 
their occurrence on othei economic crops The western colei y 
mosaic, however, is piimanly a disease of celery, and its host 
lange appears to be limited to the Umbelliferae It is a disease 
of major importance to the celeiy industry of California The 
disease has been described and studied extensively by Severm 
and Freitag (1938) 

The symptoms of western celery mosaic aie yellow, mottled 
foliage, twisted, cupped, and malformed leaflets, and a general 
stunting of the plant A shortening of the petioles of the central 
leaflet and a horizontal position of the petioles of the outei 
leaflets gives the top of the plant a flattened appearance Nec¬ 
rotic spots and stieaks may develop on leaves and petioles in 
later stages of infection 

Transmission of Western Celery Mosaic —The disease is 
readily transmitted by aitificial sap inoculation, the latent 
penod vaiying from 10 to 16 days It has been demonstiated 
that the virus may be successfully transmitted by any of 11 
diffeient species of aphids that breed on celery m California 
Transmission appeals to be entirely mechanical, and there is no 
specific aphid \ectoi The vnus is retained by the aphids foi 
ielati\ ely short penods, \ aiymg fiom 1 to 10 houis The aphids 
found on celeiy m California have been adequately described by 
Essig (1938) 

There aie numerous othei vnuses that fall within this group, 
most of uhich are transmitted m nature by seveial species of 
aphid Owing to a lack of sufficient data on insect transmission 
of these viruses, it is often difficult to determine whethei some of 
them should be placed m this or the following gioup 

2 TRANSMISSION BY APHIDS, SHOWING GROUP SPECIFICITY, 
INSECT TRANSMISSION NOT ENTIRELY MECHANICAL 

Sugar-cane Mosaic (Saccharum Virus 1) —Mosaic is one of 
the major diseases of sugar cane wherever the crop is grown 
Early symptoms consist of irregular chlorotic streaks on the 
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leaves, but latei symptoms vaiy considerably (Fig 139) The 
chlorosis becomes moie marked, the plants aie badly stunted, 
and neciotic lesions are often formed on the canes The yields 
aie gieatly ieduced Sugar-cane mosaic affects com, soighum, 
millet, and seveial species of wild glass In Louisiana, soighum 
(■Holcus 5 orgham), peail millet ( Penmsetum glaucum), crab glass 
(.Synthensma sangumahs), bull grass (. Paspalum bascianum), 
giant foxtail ( Chaetochloa magna), and Biachiana platyphylla aie 
frequently found natuially infected m the vicinity of sugar-cane 
fields (Biandes and Klaphaak 1923) 



Fig 139 —Sugai cane lea\es affected with a se\ere strain (A) and a mild strain 
(B) of mosaic (Photographs by courtesy of I L Forbes ) 


Tiansmzssion of Sugai-cane Mosaic —The disease is trans¬ 
mitted by vegetatne propagation, by artificial sap inoculation 
and by insects, the most impoitant of which is the so-called 
* com aphid” (Aphis maidis Fitch) (Figs 140 and 141) When 
it was fiist reported by Brandes (1920) that the virus was trans¬ 
mitted by this insect, the practical importance of the vector was 
questioned by several writers (Wolcott 1921), because sugar cane 
is not a piefened host of A maidis The insect cannot be reared 
continuously on sugai cane and feeds on the plant only when 
othei piefened glasses are not available Later w r ork, however, 
has established the fact that this insect is an effective vector 
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In nature, the aphids bleed abundantly upon the wild glasses 
that aie known to cany the virus When these glasses ate 
lepeatedly cut down m the piocoss ol cultivation, the aphids 
migrate to the sugai cane and inoculate it with the virus (Biandes 
and Klaphaak 1923) Practical field experience has verified this 
sequence of events as reported m 1928 by Wolcott, who discusses 
the facts as they influence the control of the disease Because 
cultivation of the cane cannot be dispensed with entirely, inocula¬ 
tion by aphids migrating from the cut glasses cannot be avoided 



Fig 140 —Aphis maidis (an adult alate male), the puncipal vectoi of sugai 
cane mosaic X drawing to show its distinctive mai kings (Courtesy of J M 
Ingram ) 

The most successful contiol has been obtained through the use 
of mosaic-iesistant selections of sugai cane 

A notable contribution to the mechanics of inoculation ol 
plant viruses by sucking insects was made in the study of sugar¬ 
cane mosaic by Biandes (1923) who studied the histological 
relationships between the mouthpaits ot A maidi s and the 
tissues of the sugar-cane plant He showed that the aphids 
invariably seek out the phloem and that a copious flow of saliva 
into the living tissues takes place during penetiation and feeding 
His conclusion that mosaic infection occurs in this way has been 
amply confirmed by later investigations with many viruses and 
vectors 

A second vector was reported by Ingram and Summers m 
1936 These authors w r ere successful m transmitting the virus 
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by the lusfy plum aphid [ Hy%teroneura setanae (Thomas)] This 
insect "was not so effectne as A maidis, transmitting the virus 
only 5 2 pet cent of the tnals compared with 23 3 per cent trans¬ 
mission by A maidis The lusty plum aphid, howevei, was 
much moie abundant than the coin aphid on sugar cane, this 
plant being one of its piefeired hosts throughout the yeai The 
corn aphis is found on sugar cane only in late wmtei and eaily 
spung when othei hosts are scarce The lusty plum aphid 
bieeds also on a number of wild glasses which are common hosts 
of sugai-cane mosaic Foi these reasons, Ingiam and Summers 
considered it to be a vectoi of much significance m the spread of 
sugai-cane mosaic 



Fig 141 —A colony of Aphis maidis feeding on a grass leaf (Photograph by 
courtesy of J W Ingram ) 

Ingiam and Summeis (1938) repoit the transmission of the 
vnus m two instances with the aphid Toxoptei a gi aminum Rond , 
which also was found on sugar cane The numbei of tnals was 
too small m this case to justify the conclusion that this insect is 
a vector of much significance Moie lecently, Tate and Tandem 
beig (1939), woikmg m Puerto Rico, have incriminated anothei 
vectoi, namely, Caiolmaia cypen Amslie, an aphid that is found 
abundantly m and neai sugar-cane fields on its native host 
Cypeius rotundus Since the vnus is leadily transmitted by 
aitificial sap inoculation, it is probable that several other insects 
may be found that are capable of transmitting the disease to a 
limited extent 

Sugar-cane mosaic is not caused by a single virus, seveial 
strains of distinctly different virulence and causing different 
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symptoms have been lecogmzed In Louisiana, a gieon and a 
yellow stiam aic vciy prevalent, the yellow stiam being much 
moie mjmious to the plant than the giecn stiam It has been 
demonstiated that a plant affected with the gioon stiam is 
immune to the yellow stiam (Foibes, Mills, and Kdgciton, 1937) 
The practical importance of this discovciy in sugai-cane cultiuo 
has not yet been deteimined 



Fig 142 —A potato plant affected with leaf roll 


Potato Leaf Roll (Solanum Virus 14) —Leaf roll is one of the 
more destructive virus diseases of the potato It piobably occuis 
in all countries m which potatoes are grown but appeals to be 
more prevalent m some localities than in otheis The disease 
is characterized by a neci osis of the phloem tissues which results 
m an accumulation of starch m the aboveground paits of the 
plant. This is accompanied by a characteristic thickening and 
upward rolhng of the leaves, giving rise to the name “leaf roll” 
(Fig 142) In pigmented varieties, the rolled leaves may show 



INSECTS AND VIRL S DISEASES 


325 


excessrve icd pigmentation Because of the inteiference with 
noimal staich translocation, the tubeis aie small, and the yields 
aie low 

Transmission of Leaf Roll—J The infectious natme of leaf 10 II 
was first recognized by Quanjer, Lek, and Botjes m 1916 (Quanjer 
1920), and its tiansmission by aphids was demonstiated by 
Oortwijn Botjes (1920) and Schultz and Folsom (1921) Since 
1921, many investigators have studied the problem of insect 
transmission of leaf roll, but theie is yet consideiable uncer¬ 
tainty as to the exact lole of certain insects No one has been 
able to transmit leaf roll by artificial sap inoculation although 
it is readily transmitted by giaftmg 

Ooitwijn Botjes (1920) icpoited tiansmission by ApJns 
rumicis L and Myzus peisicac Sulz , and Schultz and Folsom 
(1921) incriminated M peisicac and Maciosiphum solamfolu 
Ashm Muiphy (1923) piesented evidence to show that the plant 
bug ( Calcons bipunctaius) and a leaf hoppei ( Typhiocyba ulmi) 
weie also vectois of the leat-ioll mi us Muiphy andMcKay 
(1929) verified tiansmission by Maciosiphum solamfolu and 
added Myzus pseudosolani to the list of vectois In 1927, Elze 
repoited that se\en different species of insects were capable of 
transmitting the disease, five of which had not been previously 
incriminated These five w^eie A rhamni , Euptenx auratus , 
Lygus sp , Psylhodis affinis , and the laivae of Tipula paludosa, 
the last-named species wmrkmg below the ground level. 

Smith (1929, 1931c) was unable to transmit the vnus with Cal - 
corns bipunctatus , Lygus pabuhnus , Euptcrii auratus , Chlonta 
mndula , Psylhodis affinis , and Maa osiphum gci Smith (1934, 
1937a) maintains that Myzus peisicae, M pseudosolani , and M 
circumfiexus aie the chief vectois and that M perswae (Fig 143) 
is the most important of the three Dykstra and Whitaker (1938) 
confirmed the efficient tiansmission of leaf roll by these three 
species and showed that it w r as transmitted less efficiently bj 
Mac?osiphum ( Ilhnoia ) solamfolu The less efficient transmis¬ 
sion by the latter species w^as attributed to the fact that it fed m 
vascular tissue m less than 50 per cent of the eases observed 
whereas the three Myzus species habitually fed m the phloem 
Further careful experimentation will be necessary before these 
contradictory results can be explained However it seems that it 
would be necessary to assume a simple mechanical process m order 
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to explain the turn emission of a \ nus by so many different kinds ol 
insect Inasmuch as the leal-ioil \iuis is not tiansmissible by 
artificial sap inoculation, mechanical tiansmission by all these 
insects would appeal somewhat doubtlul At any late, we axe 
concerned with a vnus that is not tiansmissible by aitiheial sap 
inoculation but is tiansmissible by scveial species ot aphid 
Since it has been demonstiated that theie is an incubation penod 
of the vnus m Myzus persicae of seven at days, it is piobable that 
dissemination of the leaf-ioll vnus m this \ectoi is biological 
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Fig 143 — Myzus persicac the \ectoi of la if ioil uul moie thin a dozen othei 
\iius diseases 1, adult winged female, 2, imm lime female 5 idult wingless 
female ( After Headlee ) 

The fact that the insect letams its mfectivity loi a i datively 
long penod of time also lends suppoit to this \icw 

The host tango of leaf ioil has ncvei been studied extensively, 
but Dykstia (1933) has shown that the vnus may be tiansmiited 
by Myzus peisicac fiom potato to Solatium villosum, S dulcamata , 
Datum stramonium , and D tatula and to the cultivated tomato 
(Lycopersicon esculentum ) and that these plants aie impoitant 
earners of the vnus m Oiegon 

3 TRANSMISSION BY LEAF HOPPERS, BIOLOGICAL AND HIGHLY 

SPECIFIC 

Curly Top of Sugar Beet and Other Plants (Beta Virus 1) — 

Curly top is one of the most destiuctive of all virus diseases of 
plants and probably has been studied more extensively than any 
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othei similai disease It is the most destiuctne disease of sugar 
beets m the legions wheie it occurs, often causing losses of seveial 
million dollais m a single season It is a limiting factoi m beet 
pioduction m many otherwise suitable legion^ Cuily top is 
known only m the western pait of Noith Amenca, although a 
similar disease has been leported from South America (Fawcett 
1927) There is some question of the identity of the South 
American virus ruth that of Western North America 

Cuily top has been observed since 1899, only a few years aftei 
the beet-giowing industry became veil established m America 
It was not until the work of Ball (1906) that the disease was 
associated with infestations of the leaf hopper (Eutettu tenellus 
Baker) The virus natuie of the disease and the lole of the leaf 
hoppei (E tenellus) m tiansnnttmg the disease were thoroughly 
established by the work of Shaw (1910), Smith and Bouquet 
(1915), and Ball (1917) Foi many yeais, the disease was 
assumed to be limited to the sugar beet and a numbei of native 
weeds, but the known host lange gradually has been extended 
(Caisnei 1919, Carsner and Stahl 1924, McKay and Dykstra 
1927, Sevenn and Hendeison 1928, Several 1929, 1934), until it 
includes many vegetable and ornamental plants as well as numer¬ 
ous species of wild plant The natuie and prevalence of the 
other hosts have been shown to have much influence on the 
epiphytology of curly top on sugai beets 

The symptoms of curly top vary with the host plant affected, 
and on sugar beets they fiequently have been confused with 
symptoms caused by othei agencies An extensive and detailed 
description of the disease on sugai beets has been published by 
Sevenn (1929), who also pointed out othei abnormalities that 
often were confused with cuily top Only a veiy brief descrip¬ 
tion will be given heie 

The earliest symptoms appeal as an nrwaid lolling of the 
low T ei and outer margins of the youngest leaves (Fig 144) 
Latei, the entire leaf blade cuiIs upward along the nnd-nb 
Nearly always theie is a distinct clearing of the smaller veins of 
the leaves associated with the curling The veins aie thicker 
than noimal and more or less distorted a condition that gives a 
rough warty appearance to the underside of the leaf Affected 
plants are always stunted, and if infection occurs while the plant 
is very young, it wall die prematurely 
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There is an excessive development of the small fibious loots, 
producing the condition often lefened to as “hany” 01 ‘b\ooly 7J 
root The sugai content of affected beetfe is abnormally low, 
and the total yield is often negligible A neciosis of the phloem 
tissues is the most characteristic internal symptom, and, m 
severely affected plants, an exudate escapes flora the neciotic 
phloem m the foim of biown droplets on the suiface of the veins 
When loots of affected plants aie cut m cross section, the necrotic 
phloem shows as concentnc lings of daikened tissue 



There aie many other occasional and accessoiy symptoms that 
are modified by various factors According to Seveim, the most 
reliable diagnostic symptoms of curly top on sugar beets aie 
u the clearing or transparency of the minute veins on the youngest 
or innermost leaves m the early stages of the disease and the wait- 
like protuberances on the lower surface of the leaves m the later 
stages of the disease 

Transmission of Curly Top —Curly top can be transmitted 
with difficulty by artificial sap inoculation, infection having been 
secured m a very small percentage of trials (Sevenn 1924, Carsner 
and Stahl 1924) The beet leaf hopper (Eutethx tenellus Baker) 
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(Fig 145) is the only known inject vectoi Anothei =ipecie« of 
leaf hopper (Agnlha sticticolhs Stal , is the vector of a disease 
of sugar beets m Aigentma w inch is thought by -ome to be identi¬ 
cal with curly top This inject, however, has not been repotted 
m Xorth America According to Sevenn and Henderson ( 1928 ) 
E ienellus does not occur m Argentina 

The tiansmission of the cmly-top vnu- by E h ndlm Is specific 
and biological The beet leaf hopper i- not known to transmit 
any other virus, and no other imect is known default ly to trans- 



Fk 145 —The beet le if hopper Entfihx Unfllus the lecto^of rurb top A 
adult, nj mph, C, adult Approx 25 \ > A and B a 1f (r Bad ( fitter snin 

nn t curly top There is a distinct incubation penod oi the 
virus m the body of the insect The minimum incubation penod 
first was reported as being several houm, but this ha- been 
shortened to 20 minutes when 20 to 50 virahierous insects are 
used When only 1 insect is used the minimum incubation 
penod is 7 hours The latent penod of the disease m the plant 
vanes from 4 to 14 days 

The virus of curly top may survive the winter in a number of 
wild plants The weeds m which the virus sumives the wrntei 
are those on which the hopper feeds m late fall and early spring 
The virus can survive also in o\ erwintered sugai beet« m the 
field from which it is transmitted to the new crop of seedlings 



330 IX^E f T TEA V s MI SSI OX OF PLANT DISEASES 

Tnr a\aila.*ie evidence 'Wallace and Murphy 1938) indicates 
t n a t i^a: huppei- tiiat hibernate on infected sugar beets transmit 
a moie vinur nt snam oi the virus than is tiansmitted by those 
tnat 01 eiwmte. in the deceits on wild plants 

Tnc fare ui the vnu* m the body of the insect vectoi has been 
studied by Fieitag 11936) and by Bennett and Wallace (1938) 
Tne vum- may be xecoveied liom the blood, the salivary glands, 
fete- and the contents oi the ahmentaiy tiact of virulifeious 
leaf hopper It is recovered most readily fiom the blood, a tact 
indicating that the blood is the chief leservon of the vims m the 
insect The virus content of the insects as well as their ability 
to tianmut the virus decieases slowly over a penod of 8 to 10 
weeks when they are confined to immune plants Viruliferous 
leaf hoppers, having fed for 6 houis on turns extiacts, lose the 
power of transmitting the virus aftei 54 days, when tiansferied 
daily on small beet plants, but legam it after feeding for short 
period'- on infected beets These results indicate that the virus 
doe^ not multiply m the body of the vectoi It has been shown, 
however by Wallace and Murphy (1938) that the virus can 
survive the winter m the body of leaf hoppeis without any 
apparent change m virulence 

Swezv and Sevenn (1930; leported the presence of Rickettsia- 
like microorganisms m the epithelium and lumen of the intestinal 
tract of infective leaf hoppers and suggested a possible relation¬ 
ship with the virus There is not sufficient evidence, however, 
to justify the conclusions that the microorganisms are concerned 
in the etiology of the disease 

The virus is not transmitted through the seed of the sugar 
beet Although it invades the external tissues of the seed, it 
does not reach the embryo and when the seeds germinate the 
seedlings do not become infected The vims is not transmitted 
congenitally through the eggs of the leaf hopper as shown by the 
mating experiments of Bennett and Wallace (1938) 

Leaf hoppeis may be made vimhferous by feeding them on 
extracts from infected plants A quantity of juice is expressed 
from tissue and precipitated with an equal volume of 95 pei cent 
alcohol The precipitate contains a high percentage of the vims 
It is then centrifuged, washed m 50 per cent alcohol, dried, and 
mixed with a 5 per cent sugar solution equal to the original 
volume of the juice This m turn is centrifuged, and the super- 
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natant liquid n u^cd to leed nom liulifeious leaf hoppeis through 
a suitable membiane Thn tectmique penected by Bennett 
(1935j, has been used by Bennett {1934 1937* and by Bennett 
and Esau (1936) m exte:>me ^tuche>- ot + ne o< cuiience of the 
viru<? in diffeient ti^ne^ and its mo\ emc nt within the plant 
The localization ot the vims in the phloem ot affected plants 
is significant m tiew oi the tact that the leat hopper lecd almost 
exclusively upon the phloem ti^ues and do <o m oidei to 

76 




Fig 146 —Diagram showing the pH gradient m a normal sugar-beet petiole 
Xote that the phloem is more alkaline than the sunoundiug t ssue& xy, vUem 
ph phloem, sk bundle bheath pa paranchj ma tp, epidemics This differential 
aids me leaf hoppei in locating the phloem \AUtr Fin and Frampton i 


ensme infection A plausible explanation of the means by w Inch 
the leaf hoppeis aie able to locate the phloem has been offeied bj 
Fife and Fiampton (1936) With the aid oi a qumhydione 
micioelectiode those woikeis dexeimmed the pH \alue of the 
sap of the \ anous tissues ot the beet leaf It was found that 
the reaction of the phloem tissue of a noimal petiole was appioxi- 
mately pH 7 5, that of the xylem was about pH 6 2, and that oi 
the sunoundmg paienchyma tissue was slightly less than pH 6 0 
(Fig 146) There is theiefoie a pH gradient betw een the phloem 
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and the sunoundmg tissues The fact that the saliva of the leal 
hoppei is alkaline, approximating that of the phloem, led to the 
hypothesis that the pH giadient is used by the \ectoi in locating 
the phloem This hypothesis is suppoited by feeding experi¬ 
ments m which hoppei s showed piefeience foi the alkaline 
solutions Moieovei, when beets aie subjected to high concen¬ 
trations of caibon dioxide, the pH gradient is disturbed so that 



Fig 147—Diagram showing the pH giadient in i sugai-bcet petiole treated 
with caibon dioxide The differential between phloem and suiiounding tissue 
has been lost The leaf hoppeis have difficulty in lor utmg the phloem in tic lied 
petioles ( 4 ftet Fife and Ftampion ) 

the hoppeis aie unable to locate the phloem and feed indiscrimi¬ 
nately on any of the tissues (Fig 147) 

The leaf hoppei hibernates m the adult stage chiefly as ferti¬ 
lized females The males laiely overwmtei The hibernation 
is incomplete, there being a lest period without true dormancy 
Overwintering occuis chiefly on weed hosts m the and foothills 
surrounding the nngated beet fields They overwinter to a 
lesser extent m and near old beet fields Oviposition begins 
about Apr 1 on the wild hosts, the most important of which are 
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the mustaids [Sophia sophia L , S fihpes (Gray) Holler, Sisymb- 
imm altissimum L ], the Russian thistle (. Salsoa pestifer A Nels ), 
led orache (Ah iplex ,osea L ), and the cut-leaf nightshade (Sola¬ 
rium tnflonini Nutt) Theie aie thiee generations, 01 bioods, 
the hist of which occuis on the weed hosts The second and 
thud bioods de\elop on sugai beefs The size of the thud biood 
\aiies gieatly with weathei conditions When the beet ciop is 
hai\ ested, the thud biood of hoppeis migiates back to the deseit 
foothills 

The beet leaf hoppei suivives only m an and climate and 
accoidmg to Caitei (1930) has probably leached the limit of its 
spread m Noith America Because the cuily-top disease is 
dependent upon the vector for its spread, it is limited to the legion 
occupied by the leaf hopper 

The optimum conditions for the development of the leaf hoppei 
aie those found m a spaise stand of the Russian thistle In 
heavy stands, the humidity is sufficiently high to check the 
development of the insect Optimum conditions aie appioached 
m beet fields only w T hen the stand is pooi 01 when so hea\ily 
infested with cuily top that the plants aie small Thus the \ mis 
tiansmitted by the insect is of benefit to the vectoi by ensunng 
a piopei envnonment m the beet fields If it weie not foi the 
effect of the vnus on the beets, the beet fields would not be a 
favorable place for the hoppeis to develop 

This fact has a piactical value m the conti ol of the disease 
Eaily planting so that the beets have made good giow T th by the 
time the hoppeis amve matenally 1 educes the seventy of the 
mjuiy fiom cuily top The hoppeis stait migiatmg to the beet 
fields when the w r eed hosts begin to diy up as the diy summei 
season advances The time of migration may vaiy m different 
yeais and may influence the seventy of the outbioaks of ciuly 
top Wallace and Murphy (1938) have lepoited a close conc- 
lation between the stage of development of the sugar beets at the 
time of hoppei migiation and the amount of damage done They 
consider this the most important single factoi influencing the 
seventy of cuily-top outbreaks 

Caitei (1930) has made an extensive study of the ecology of 
the beet leaf hoppei m which the influence of vanous factors 
on the survival and migration of leaf hoppeis was evaluated 
As a result of these studies, a method was developed by which 
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the piobable abundance of leaf hoppeis can be piedicted with a 
fair degiee of success m early spnng befoie the beets aie planted 
By modification of planting piactices accoidmg to the pi edi¬ 
tions, considerable losses can be avoided Unfoitunately, the 
piedictions have not been 100 pei cent conect There aie so 
many unknown factors (collectively teimed the biological X) 
that the predictions aie sometimes completely wiong The 
prediction piactice, at its best, is only an emergency measure 

A more piomismg outlook foi eventual reduction of the losses 
from curly top is offeied by the investigations of Piemeisel (1932), 
Piemeisel and Chambeihn (1936), and Piemeisel and Lawson 
(1937) These woikeis haxe shown that the population of leaf 
hoppers has been increased gieatly m recent yeais by the increase 
of the weed hosts that thrive on abandoned farm lands and m 
oveigrazed pasture land Duimg and shortly after the World 
Wai, when wheat prices weie high, much of the marginal diy 
land was plowed up and sown to wheat Following the drop 
m prices, much of this area was abandoned or faimed only 
intermittently, a great increase m weeds resulted, consisting 
principally m the preferred weed hosts of the beet leaf hopper 
Othei localities m the beet-giowing legions aie consistently ovei- 
grazed, a factoi also favoung certain piefened weed hosts It 
was shown that, when the land is not plowed oi grazed, it will 
revert to its natural cover of plants that aie not favorable hosts 
foi the leaf hopper Such protected land, accoidmg to these 
workers, will not produce economically significant numbers of 
leaf hoppeis They conclude that “the beet leaf hoppei and 
curly top can be controlled provided that all lands not continu¬ 
ously faimed and well faimed can be restored to and maintained 
as good deseit lange Unless present practices aie col¬ 

lected, an increase of w'eedy aieas, leaf-hoppei populations, and 
cuily top can be expected ” 

Anothei promising method of control of curly top of sugar beet 
is offered by the de\ elopment of resistant varieties of sugai beets 
The Division of Sugar Plant Investigations of the U S Depait- 
ment of Agriculture has introduced several new varieties of sugai 
beets that aie fairly lesistant to the disease (Owen et al 1939) 

With the increased use of resistant vaneties and with better 
control of the leaf hoppers through improved lange practices m 
sugar-beet-growing regions, the outlook for practical control of 
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this destructive disease is very piomismg Efforts to contiol 
the beet leaf hoppei by intensive spiaymg piactice have not 
been successful (Douglas, Wakeland, and Gillett 1939) 

Aster Yellows (Callistephus Viruses 1 and la) —Astei yellow s 
was fiist lecognized and descubed as a destiucti\e disease by 
R E Smith m Massachusetts m 1902 Smith was unable to 
find a fungus oi bacteiium associated with the disease and 
expressed the opinion that it belonged to the then little known 
gioup of viius diseases Astei yellows along with many other 
diseases oi ornamental plants leceived very little attention until 
many yeais latei In 1926, Kunkel published lesults of the 
fiist thorough study of the disease The papers of Kunkel (1926, 
1931, 1932, 1937) and Sevenn (1929, 1932, 1934a, b) form the 
chief souice of oui mfoimation about astei yellows and the 
lelationship of insects to its spiead and development 

Aster yellows is not limited to astei s but has a very w r ide host 
lange (Kunkel 1931), affecting nearly two hundied species of 
plants m moie than thnty different families The disease 
appaiently is of American ongin and is found thioughout Noith 
Amenca It is raie oi absent m Euiope A few lepoits of its 
occunence m othei countnes have appealed m lecent yeais 
(Fukushi 1930, Ogilvie 1927, Richtei 1936) No accuiate esti¬ 
mates can be given of its economic impoitance, but it is a limiting 
factor m aster cultuie m piactically all sections of Noith America 
and because of its wide host lange must be lanked as one of the 
moie destructive diseases 

The symptoms caused by the astei-yellows viius vaiy con- 
sideiably with the plant affected Paitial chloiosis, lesultmg 
m a yellowing of normally gieen tissues, is the most universal 
symptom Theie is no mottling oi mosaic pattern A dealing 
of the veins of affected leaves is common Infected plants aie 
always stunted and often distoited, the degiee depending upon 
how eaily the plant becomes infected An excessive branching 
and shoitenmg of the mternodes is often obseived (Fig 148) 
Necrosis occuis m advanced stages, and seed pioduced on affected 
plants usually will not geimmate On asteis, excessive numbeis 
of tuchomes often are foimed, and a gieenmg of the petals is 
not unusual The loots show no abnormal symptoms 

Theie aie seveial stiams of the astei-yellows viius Sevenn 
(1932) and Kunkel (1932) have shown that the viius pievalent m 
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California will infect ccleiy vhoicas the one piovalent m New 
York will not Se\ eim lalei (1934a, b) discoveted of hoi dif¬ 
ferences between the two strains of the \nus Kwnkol (1937) 
also lepoits the isolation of mild stiains of the vnus by subjecting 
\nuhfcious leaf hoppeis to high tcmpeiatuies The eastern 
stiam of the \iius, accoidmg to Kunkel (1931), does not affect 



Fig 14S —4stei yellows A, an aster pi mt affected with yellows, B, a healthy 
plant of the same age Note the excessive axillnj. blanching and inoio eiect 
growth of the leaves and blanches of the affected plant The yellow color oi 
the diseased plant is not shown m the pictme {After Jo?itb and Rikcr ) 


potatoes, but Sevenn and Haasis (1934) successfully inoculated 
potatoes with the California stiam Affected potato plants 
have slender purple shoots and foim aenal tubeis in the axils of 
the leaves The incubation vaned fiom 20 to 63 days, and the 
virus was not lecoveied fiom infected plants oi from tubeis 
produced by infected plants Natuially infected plants were 
not obseived m the field 
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Tiansmission of Astei I elioivs —Astei yellows cannot be tians- 
mitted by artificial vSap inoculation but may be tiansmitted by 
grafting In natuie, it is transmitted piimanly by a single 
species of leaf hopper (Fig 149 ) Theie has been some chffeience 

of opinion as to the identity of the insect Kunkel (1926) stated 
that it u was identified by several authonties to which it was sub¬ 
mitted as Cicadula sexnotata Fall ” Doist (1931, 1937), how^- 
ever, claims that C sexnotata is the Euio- 
pean species and is not found m America 
The American species, accoidmg to Dorst, 
is Macrosteles chvisa (Uhl) ( C divisa Uhl) 

Kunkel (1926) leported that specimens had 
been submitted to the Bntish Natuial 
History Museum m London and that Mi 
China noted slight differences m color 
markings but consideied the British and 
American insects as belonging to the same 
species 

Kunkel (1926), aftei considenng evidence 
submitted by various entomologists, con¬ 
cluded that the insect is an introduced 
species and that “it seems probable that it 
was introduced into this country less than 
100 yeais ago ” If w T e accept this conclu¬ 
sion, we aie faced with the problem of ex¬ 
plaining the origin of the disease If the 

r ® & Fig 149 — Macro - 

disease does not occui in Euiope, it prob- Mes dmsa, the prm- 

ably was not introduced into North Cll ? al ^ ect ° r of astei 

J jelloTvs An adult leaf 

America with the insect vectoi If the hoppei (Afur Sev- 
vector did not occui m this country 100 £nn) 
years ago, how 7 was the vnus disseminated befoie that time? Is 
theie some still unknown vectoi, oi is the virus of relatively leccnt 
origin? A possible explanation may be offered m the demonstra¬ 
tion by Sevenn (19346) that tw T o other species of leaf hoppei 
(Thamnotettix montanus Van D and T gernnnatus Yan D ) may 
transmit the vnus but not so effectively as the better known 
vector However, because of the specific obligate and biologic 
relationship between the insect and the vnus, it seems moie 
logical to assume that the principal and peihaps the original 
\eetor is M dwtsa and that it is native to this country 
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The vectoi, like the urns it tiansmits, has a broad host range 
and is widely distnbuted thioughout Noith America It may 
oveiwmtei m the egg stage, and m the mildei climates it may 
hibernate as adult hoppeis The oveiwmtermg eggs aie depos¬ 
ited undei the epideimis of plants, such as lye, that lemam 
gieen ovei wintei There aie five nymphal mstars The eggs 
hatch m 11 to 13 days m summer, and the length of the nymphal 
penod vanes from 16 to 30 days The various generations 
oveilap to such an extent that theie are no distinct bioods The 
insects feed chiefly upon the veins of the leaves Both nymphs 
and adults are able to transmit the virus, but an incubation 
penod of at least 10 days m the insect is lequired before it 
becomes infective Therefoie, the disease is laiely tiansmitted 
by the eaily nymphal mstais Some individual insects lemam 
\nulifeious for then entire life, but otheis may letam the virus 
for a shoit time only Kunkel (1937) lecently has shown that 
virulifeious insects held at high temperatuies (31 degiees centi¬ 
grade or above) foi several days lose the virus and become non- 
inf ective He thinks that the vectoi s may commonly lose the 
virus m the hot weather of midsummer, thus accounting for the 
observed slower spiead at that season of the year Vnuliferous 
individuals appeal noimal m stiuctuie (Dobioscky 1929, 1931), 
and the virus has not been detected m the body of the insect by 
histological methods The virus is not congenitally transmitted 
through the egg 

The latent penod of the vnus in the plant aveiages 18 days at 
noimal tempeiatuies The vnus oveiwmteis m susceptible 
peienmal plants such as Chiysanthemum, Sonchus , Asclepias, 
Engeion , and Plantago It is not tiansmitted through the seed 
of the astei Seeds produced on affected plants usually do not 
geimmate 

Astei yellows can be controlled only by protecting the plants 
from the hoppers As M divisa is not a natuial gieenhouse 
insect, the conti ol of the disease m gieenhouses is not difficult 
Spraying has not proved effective m piotectmg the plants horn 
the insect It is the common practice where the disease is 
prevalent to grow asters undei laige cages made of cloth netting 
or scieen ware This method gives veiy satisfactory control 
(Jones and Riker 1931) and is used commercially on an extensive 
scale 
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Streak of Corn (Maize) (Zea Virus 2) —Corn (Zea mays L) 
m Africa is affected with a destructive virus disease known as 
11 streak 57 The disease was fiist described buefly m 1901 by 
Fuller It was lecognized as a vnus m 1925 by Stoiey, who has 
studied it extensively since that date It has not been repoited 
from any locality outside Africa, vheie it is one of the major 
diseases of corn No accurate figuies aie available as to the 
amount of injury Storey has xeported as high as 100 pei cent 
infection m certain fields, but much of the disease appears late 
m the season, and late infections aie less mjunous than eaily ones 



Fig 150 —The streak disease of corn A portion of a leaf affected with 
the disease (left), compaied with a similai portion of a healthy leaf (Aftei 
Storey ) 


The symptoms of stieak appear first as very small coloiless 
spots scattered ovei the leaves These gradually elongate into 
streaks of yellow chlorotic tissue along the veins (Fig 150) 
Since the virus is not seed-tiansmitted, the fiist leaves often 
escape infection until they aie fully diffeientiated and con¬ 
sequently no streaks develop The host lange of stieak is not 
fully known, but m addition to com a numbei of vild glasses 
aie also affected 

The vnus is incapable of causing peimanent infections on 
sugar cane, which appears to be highly resistant Theie is a 
similar streak on Uba cane, but the lattei disease causes only 
mild symptoms on maize Storey considers the two vnuses to 
be different Still another virus disease of maize has been 
reported by Storey (1937) This causes a mild mottling of 
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affected leases and has been named “mottle” Although the 
mottle mius is transmitted by the same insect \cetois that 
transmit stieak, Stoiey considers it to be unrelated to the streak 
vrrus 

Transmission of Streak —The methods of transmission of this 
virus ha\e been investigated very thoioughly by Stoiey (1925, 
1926, 1928, 1932a, 1933) The virus is not transmitted through 
the seed of the corn plant, and all efforts to tiansnnt it by arti¬ 
ficial sap inoculation have failed It is transmitted with a high 
degree of efficiency by the leaf hoppei [ Cicaduhna mbila (China)] 
and Storey (1937) has recently reported that two closely related 
species (C zeae China and C storeyi China) are also able to 
tiansmit it Aphis maidis, the puncipal vector of sugar-cane 
mosaic, Peiegrmus maidis } the ^ectoi of a mosaic of corn m 
Hawaii, and about tv enty additional species of insects found on 
corn are unable to transmit the stieak vnus The transmission 
appears to be biological and specific for the leaf hoppei s of the 
genus Cicaduhna 

There is a minimum incubation period of the virus m the 
vector, varying from 6 to 12 hours at 30 degiees to 84 hours at 
16 degiees centigrade The latent period m the corn plant varies 
from 3 }i to 7 }% days m lapidly growing young plants It is 
somewhat longer m older plants, depending on the temperature 
and the pait of the plant inoculated 

The leaf hoppei may acquire and transmit the vnus as either 
nymph or adult but does so more leadily as a nymph After 
the \nus has been acquired by the nymph, the insect retains it 
for the lest of its life The vnus can be acquired by feeding for 
1 hour on an infected plant, but greater success results from 
somewhat longer feeding periods One insect is sufficient to 
transmit the Mrus, but a higher percentage of infection is often 
obtained when several insects are used 

Infection follows feeding by vnulifeious leaf hoppers on either 
young or old tissues Symptoms appeal sooner if young leaves 
are inoculated and may not appeal at all on the older parts 
although the younger tissues of the same plant wall show them 
The virus travels down the leaves from the point of inoculation 
and up the stem until the growing point is reached The rate 
of travel varies considerably, but it may be as fast as 40 centi¬ 
meters per hour The virus is localized m certain tissues of 
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infected plants When the leaf hoppeis aic fed on the noimal 
gieen areas of the leaf, they do not acquue the vnus It can be 
acquned only by feeding on the yellow tissues 

The vims is filteiable thiough Chamber land LI filteis, Beikfeld 
v and n filteis, and to a slight extent thiough Chamberland 13 
filteis but will not pass a Seitz E Iv filtei disk When insects 
are fed through membranes on the filtered juice, they become 
vnuhfeious 

Certain individual leaf hoppers appeal nevei to become 
viruhfeious even though they may feed indefinitely on infected 
plants This phenomenon has been investigated by Stoiey 
(1932a, 1933), who has shown that the ability oi inability to 
become viruliferous is an mhented chaiacter, being mhented 
as a dominant sex-linked charactei An individual insect that 
is unable to transmit the vnus is said to be “inactive”, one that 
is capable of tiansmittmg the vnus is “active ” When an 
active female is ciossed with an mactue male the F x progeny is 
entnely active The F 2 piogeny of this cioss consists of actne 
females and both active and inactive males When inactive 
females are ciossed with active males, the F x piogeny consists of 
active females and inactive males Both active and inactive 
males and females appeared m the F 2 piogeny of this cioss 
These results suppoit the hypothesis that the male insect is 
heterozygous for sex and that the factoi for activity is dominant 
to that of inactivity and linked with sex 

Storey (1933) made an exhaustive study of the mechanism of 
tiansmission of the vims by C mbrta, and his results thiow 
considerable light on the question A technique was devised by 
which insects could be made \ 1 ml 1 fe 10 us by injecting the vnus 
obtained fiom viruhfeious insects into the body cavity of other 
insects With the aid of this technique, a study was made of 
the distribution of virus m the body of the vectoi The vnus 
was detected m the contents of the lectum of viruhfeious 01 
active insects provided that the insect had recently fed upon a 
diseased plant It w r as not found m natuially voided feces 
The virus was always piesent m the blood of viruhfeious individ¬ 
uals, and it could be detected m the blood before the normal 
incubation period had elapsed The virus could be demonstrated 
m the rectum of inactive insects that had recently fed on diseased 
plants but was never found m the blood of such insects Inactive 
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individuals weie made active by injecting the viius into the blood 
When inactive insects that had lecently fed on infected plants 
were punctuied with a veiy fine steule needle, they became 
viruliferous, piovided that the needle had punctuied the intes¬ 
tinal tract Pc? egrmus maidis and A maidis could not be made 
viruhferous by inoculation 

These results led Storey to conclude that the virus normally 
enters the intestine through the mouth, diffuses through the 
intestinal wall into the blood, and fiom the blood passes into the 
salivary glands, from which organs it is mtioduced into the plant 
during feeding He concludes that the inability of the inactive 
leaf hoppei to transmit the virus is caused by the impelmeability 
of its intestinal wall to the virus On the basis of this conclusion, 
the incubation penod m the insect could be intei pi eted as the 
time lequired for the vnus to diffuse thiough the intestinal wall, 
xeach the sahvary glands, accumulate theie m sufficient quantity, 
and be passed out m the saliva 

Storey (1937) has lepoited, fiom East Afnca, anothei vnus 
that affects corn, causing a transitoiy, diffuse mottling on the 
leaves The mottle vnus is tiansmitted by C mbila , C zeae, and 
C storeyi , w T hich are also the vectois foi stieak Those races of 
C mbila which aie unable to tiansmit the vnus of stieak usually 
are likewise unable to transmit the mottle vnus although theie 
are a few exceptions The vnus is not tiansmitted by artificial 
sap inoculation The presence of one virus m the plant does not 
inhibit the development of the othei, and the piesence of one 
virus m the insect does not pi event it from transmitting the othei 
although one virus may cause a slight delay m the development 
of symptoms by the othei 

The Dwarf (Stunt) Diseases of Rice (Oryza Virus 1) —The 

dwarf disease of nee is of particulai historical significance because 
it is the first plant virus disease shown to be transmitted by an 
insect vector Takami, m 1901, reached the conclusion that the 
dwarf disease v 7 as caused by the feeding of the leaf hoppei 
(Nephotettiz apicahs Motsch var cmcticepts Uhl) According 
to Katsura (1936), Takami did not conceive of the insect as the 
vector of a virus but as the direct cause of the disease It was not 
until 1908 and 1909 that the virus nature of the disease and the 
true role of the leaf hopper as a vector were established independ¬ 
ently by workers at two different experiment stations m Japan 
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Fukushi (1937) who has shown that the leaf hoppei (Deltocephahs 
doi salts Motsch) also is a vectoi of the disease has pointed out 
that Takata, as eaily as 1895, claimed that this insect was 
lesponsible foi the disease 



Fig 151 —Rice dwaif A, a healths plant and a diseased plant growing m 
the same pot, B , a single nee leaf showing the interrupted chloiotic streaks that 
aie chaiactenstio of affected plants (.After Fukushi ) 


Dwarf of nee has been destructive m Japan for many years 
Katsuia lepoits historical lecords of famines caused by nee 
failures as early as 1773 and attributes the failuie to the dwarf 
disease More recent crop failures smce 1883, involving famine 
and many deaths, can be attributed definitely to dwarf The 
disease has not been leported from any othei country 

The symptoms have been described m detail by Fukushi 
(1934a) who has done the best of the moie recent work on the 
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disease As the name indicates, theie is a maiked stunting of 
affected plants, accompanied by a concspondmgly lecluced yield 
of giam (Fig 151) The fust symptoms usually appeal m late 
June aftei the plants ha^e been tiansplanted into the fields and 
when they aie 6 to 8 inches high Small chloiotic spots appeal 
along the veins of the new leaves The spots giadualiy elongate, 
foiming continuous or mtenupted stieaks paiallcl with the veins 
Root development is anested, and few oi no fiuitmg panicles 
aie foimed, depending upon how eaily the plant is infected 
In addition to rice, the disease affects the following plants 
(Fukushi 1934 b) Pamcum rmlaceum L , Echmochloa a us-galh 
Beauv subsp colo?ia vai edulis Honda, Poa piatensis L , and 
Alopecurus fulvus L Rye, wheat, and oats aie slightly suscepti¬ 
ble, but com, Italian millet, barley, and sorghum aie not infected 
Transmission of the Dwaif Disease of Rice —The leaf hoppeis 
(.Nephotettix apicalis Motsch vai cmdiceps Uhl and Delto- 
cephalus dorsalis Motsch) aie the only known vectois of the 
vnus The disease is not tiansmissible by mechanical sap 
inoculation oi thiough the seed of nee Theie is no evidence 
of transmission thiough the soil 

Oui knowledge of the tiansmission of the vnus of rice dwarf 
is based almost entnely on work done with N apicalis , the othei 
vectoi having been studied very little Tiansmission by the 
leaf hoppers appaiently is biological An incubation penod m 
the insect body is necessaiy although the minimum time is 
vanable and has not been definitely detei mined A minimum 
feeding period of 3 days is necessaiy foi a nonvirulifei ous loaf 
hoppei to pick up the vnus Some individuals do not become 
vuulifeious even after piolonged feeding on infected plants 
The vectoi (. N apicalis) (Fig 152) is of paitieulai mteiest 
because m it the vnus is tiansmitted fiom one geneialien to the 
next congenitally thiough the egg Fukushi (1933, 1939) has 
showm by ciossmg expemnents that tiansmission thiough the 
egg occuis only wdien the female paient is vuulifeious In othei 
w r oids, when nomnfective females aie crossed with infective 
males the virus is not tiansmitted to the progeny, but, on the 
othei hand, when infective females aie crossed with nomnfective 
males a relatively laige peicentage of the piogeny aie infective 
(see Table II) Fukushi believes that the eggs become infected 
m the eaily stages of then development m the ovary, but appar- 
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ently some of the o\ a may escape infection This is the only 
known example of the congimtal tiansmission of a plant vnus 
Tiansmission of the \ nus thiough the egg was piov ed by picking 
up the nymphs bied horn infecti\ e female leaf hoppeis as soon 
as they hatch and befoie they ha\ e had time to feed on the 
infected plant and transferring them to healthy plants Con¬ 
genital transmission was demonstrated foi seven successive 
generations m expenments repoited by Fukushi m 1939 

There aie four to five bioods of the leaf hoppei (N apicahs) 
It usually overwinters as nymphs feeding on Astragalus smicus L 


a b c 



1mm 1mm 


Fic 152—The vectors of rice dwaif a and b Vcphotettiz apicahs \ ni 
cmcticcps Uhl , c, Deltocephahs dorsalis Motsch (Illustrations by courtesy 
of T FuLushi ) 

and wild glasses, and matures m Apul oi May Twenty-seven 
to thirty-thiee days are lequired foi the completion of a life cycle 
The virus may live ovei wmtei m viiulifeious nymphs oi m 
susceptible peiennial hosts Alopecuius fulvus and Astiagalus 
smicus L are potential oveiwmtenng host plants, but it has not 
been proved definitely that the virus sumves m eithei of them 
Fukushi (1934a) states that effective contiol of the dwaif disease 
is being accomplished by contiollmg the leaf hoppeis 

Peach Yellows (Prunus Virus 1)—Peach yellows has been 
recognized for moie than a bundled yeais as one of the most 
destructive diseases of peaches The disease is found only m 
North America and appeals to be limited to the eastern pait of 
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the continent, extending westward thiough the upper Mississippi 
Valley and Gieat Lakes legion to the Mississippi Rivei The 
host lange of the vuus is not fully known, but Smith (1888) 
states that it affects “peaches, nectannes, almonds, and apn- 
cots ” Manns (1933, 1934, 1935, 1936) and Manns and Manns 
(1935) have shown that the wild plums (.Piunus myrobalan and 



Fig 153—Peach yellows A, a typical infected shoot showing the upright 
habit and small narrow yellow leaves with a noimal leaf for companson, B f i 
terminal shoot infected with yellows, C, a healthy teimmal ( After McCubbm , 
Pennsylvania Dept Agr But 3S2) 

P munsomana ), the wild peach (P peisicae ), and the Japane&e 
plum (P salicina ) aie cameis of the vnus 

The disease is characterized by small pale yellow leaves borne 
on slender excessively branched twigs that tend to grow more 
erect than normal, forming a so-called “ witches’-broom ” (Fig 
153) The leaves may droop and curl upward and inward along 
the margins The fruit on affected trees ripens prematurely 
and is often speckled or blotched with red The texture of the 
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fiuit is watery, and the flavoi is insipid An infected tree nevei 
recovers and may sei\e as a center of infection for further spread 
Transmission of Peach Yellows —Smith, m 1888, was the first 
to demonstrate the infectious natuie of the disease He proved 
that it was transmitted by giaftmg or budding but not by direct 
sap inoculation He was unable to discover the method of spread 



Fig 154— AIacrops%s trxmaculata, the \ectoi of peach >elloi\s (After Kunkd 
by courtesy of the Boyce Thompson Inst Plant Research ) 


m natuie, and this aspect of the problem has defied the effoiis 
of many capable mvestigatois since 1888 

In 1933, Kunkel demonstrated that the vector of peach 
yellows is the plum leaf hoppei [Macropsis trimaculata (Fitch)] 
(Fig 154) Unsuccessful attempts to tiansmit the virus were 
made with the following species of insects Myzus persicae 
(Sulz ), Aphis persicae-mgei Smith, Lygus piatensis (L ), Conapsis 
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entosa Say, Pseudococcus citn Risso, P longispmus (Taigiom), 
Philaenus leucothalmus (L ) vai palhdus (Zett), Theha tnma- 
culata (Fabi ), G) aphocephala coccinea (Foist), Empoa iosae (L ), 
Jassm ohtonus Say, Fiebenolla flon (Stal), and Enjthoneura 
obhqua Say Manns (1935, 1936) has failed to tiansmil the vnus 
with Ceiesa bulbatus Fabi , Gypona octolineata vai stnata 
Buim , Theha uhlen Stal, Phlepnu^ moiatus Say, Ascanoloma 
comca Say, Chmensis piumosa Say, and Cicada septendccim L 
Hartzell (1935) tested 48 different species ot insects and was 
unable to transmit the vnus with any except M tnmaculata 
Inasmuch as the insects tested include the most common sucking 
insects found on the peach m the legion wheie yellow occurs, it 
is likely that M tnmaculata is a specific and obligate vectoi of 
the disease 

Peach yellows is not transmissible by aitificial sap inoculation, 
according to the work of Blake, Cook, and Connois (1921), 
Manns (1924), Hartzell (1935), and several othei investigators 
Although occasional claims of seed transmission have been made, 
the evidence cleaily indicates that it is not transmitted either 
through the seed oi through pollen 

The discovery of the vectoi of peach yellows may prove very 
significant m the practical conti ol of the disease As pointed 
out by Hartzell (1935), M tnmaculata pioduces only one genera¬ 
tion a yeai, and any individual leaf hopper killed would not be 
leplaced during the cur lent season The population trend of 
the insect on mid plum and peach m New York m 1934 is given 
m Fig 155 The nymphs aie not so active as most species of 
jassids and should be idatively easy to kill by contact sprays 
Manns (1934, 1935) has demonstrated that M tnmaculata 
transmits the vnus of 'Tittle peach” as well as that of peach 
yellow s 

The percentage of success m transmitting the virus of peach 
yellows wrth M tnmaculata has always been relatively low, a 
fact indicating that all individuals may not be capable of trans¬ 
mitting it The length of the incubation period m the insect has 
not been definitely determined, but it may vary from 8 to 26 
days (Hartzell 1936) Both nymphs and adults are able to 
acquire and transmit the vnus Inti acellular inclusions have 
been demonstrated m the intestinal walls and m the salivary 
glands of viruliferous leaf hoppers by Hartzell (1937) 
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The plum, including mid species, is a favonte host of M 
trimaculata , and being susceptible to yellows it constitutes an 
important souice of infection foi peach oichaids The destruc¬ 
tion of these breeding places may be of \alue m the conti ol of 
the disease Manns (1934) repoited that the Japanese vaneties 
(Prunus salicma) are hosts of the vectoi and that the variety 
Abundance is a symptomless camei of peach yellows and little 
peach This vanety is consideied especially dangeious as a 
souice of infection to peaches Manns has expressed the opinion 
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Fig 155—The seasonal abundance of Sfacropbib trimaculata the lectoi of 
peach yellows, at Yonkers, N Y , in 1914 Note that there is only one brood 
which reaches its greatest numeric il ibundance dm mg the last week ol Tune 
(AfUr Haitzdl ) 

that the vnus of peach yellows may luxe been miloduce d into 
Amenca on the onental plums 

False Blossom of Cranberry (Vaccimum Virus 1) —This 
destmctive vnus disease of cianbemes was fiist obsen ed 111 
Wisconsin but is now pie&ent wheievei cianbemes aie giown in 
the United States It is not known outside Noith Amenca 
The disease, as the name indicates, causes a malfoimation of the 
blossoms that usually rendeis them sterile (Fig 156) The nor¬ 
mal floral elements are often replaced by leaflike structures that 
manifest a variety of abnormal modifications Axillaiy buds 
are stimulated to growth resulting 111 a watches’-broom effect 


Nymphs 

Adults 



dune ' duly ‘August 
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The yield of fruit on infected plants is greatly decreased, and fruit 
that does matuie is of mfenoi quality A good descnption of 
the disease has been published by Dobioscky (1931) who also 
demonstiated its method of transmission 

Transmission of False Blossom —The vnus of false blossom 
has not been transmitted by aitificial sap inoculation It also 
has not been transmitted by grafting because of the inability to 
obtain satisfactory graft unions In natuie, it is tiansmitted 



Fig 156 —False blossom of cranberry A, a healthy shoot with normal blossoms, 
B, a diseased shoot with steule blossoms (After Beckwith and Hutton ) 

by the blunt-nosed leafhoppei (Euscelis striatulus Fall) (Fig 157) 
as demonstiated by Dobroscky (1929, 1931) No otkei vectoi 
is known 

The spiead of false blossom fiom Wisconsin through the legions 
of cranbeny pioduction has been rapid The virus was intro- 
duced into new legions on infected plants, and fuither spiead has 
been effected by the leafhopper vector An enlightening account 
of the spread of the disease and the part played by the vectoi 
E striatulus has been given by Stevens (1930) The spread of 
the disease was very rapid in the decade between 1920 and 1930, 
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a fact attubuted in part to the use of moie susceptible vaneties 
and m pait to an inciease m the abundance of the insect vector 
The mcieased abundance of the insects was attubuted to certain 
changes m cultuial practices that resulted m less effects e control 
of the insects Foi example, during the penod of greatest spread 
of the disease there was a decrease m the piactiee of insect control 
thiough late flooding of the bogs 



Fig 157 —The blunt-nosed leaf hopper, the vector of cianberry false blossom 
A, three adults, shoving \ entral, lateral and dorsal ^ lews, B to F, the five succes¬ 
sive nymphal instars (After Beckwith and Hutton ) 


Although false blossom is piesent m the bogs of the Pacific 
Coast states where it was mtioduced on diseased plants, it has 
spread veiy little and is of minoi importance The failure of 
the disease to spread m these regions can be explained by the 
absence of the vector, which has not been found m Western 
United States 

Euscehs stuatulus is the most abundant leaf hopper found m 
cranbeiry bogs It occurs m small numbers on wild cranberries 
and related plants, but is most abundant m cultivated bogs 
There is only one brood each year The eggs are deposited under 
the bark of the young shoots m August and September, remaining 
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doimant ovei wmtei and hatching m late May or Juno Thoic 
are five nymphal nibtai&, each lasting about seven days (Fig 157) 
The adults, thoiefoie, are most numeious m July and August 
The life histoiy of the insect in lelation to the fake-blossom 
disease has been studied by Beckwith and Hutton (1929) 

Control of false blossom is being accomplished largely through 
the giowth of lesistant varieties such as McFarkn and through 
bettei control of the insect vectoi The most piactical method 
of doing this is by flooding the bogs m late June just after the 
eggs have hatched, but since some injurious effects ha\ e followed 



Fic 15S—Potato yellow duaif Two plants showing symptoms ofchffeient 
degrees of seventy (.Photograjihs by courtesy of the Wisconsin, Agr Exp Sta ) 


flooding at ceitain times, fuithei studies m conti ol aie desnable 
Some success has been obtained by spiaymg in late June with 
pyiethmm spiays (Beckwith and Hutton 1929) 

Potato Yellow Dwarf (Solanum Virus 16) —Yellow dwaif was 
fiist lecogmzed in 1917 m New Yoik and was described by 
Barrus and Chupp m 1922 The disease is now known to be 
present to some extent throughout the noitheastezn part of the 
United States It has not been lepoited from outside conti¬ 
nental North America It is not uniformly distributed but 
appears to be very destructive m certain local regions and absent 
m others 

The symptoms of yellow dwaif vaiy extensively (Fig 158) 
Black (1937) recognized two distinct types of symptom, lefeired 
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to as acute and chronic The acute symptoms are found on 
newly inoculated plants and consist of extreme dwaifing caused 
by the death of the apical meristem, accompanied by pionouneed 
yellowing of the leases There is an apical internal necrosis of 
the stem and a necrotic spotting of the internal tissues of the 
tubeis The chionic symptoms appear latex aftei a state of 
equilibiium between vnus and suscept has been leached They 
consist of a spindly growth with slightly mottled and luffled 
leaves The neciosis of apical menstem and the extieme dwaif- 
mg aie absent The vnus is 
not attenuated m the chionic 
stage, as pioved by the acute 
symptoms that develop when 
healthy plants aie inoculated 
by giaftmg with plants show¬ 
ing the chionic symptoms 
The symptoms are stak¬ 
ingly modified by tempeia- 
tuie, as shown by Goss and 
Peltiei (1925), Black (1937), 
and Walkei and Larson (1938 



and 1939) The symptoms 
aie most acute at the highei 
temperatures (24 to 28 degrees 
centigrade) At soil tempera- 


Fig 159 —The clover leafhopper 
(Aceratagalha sangumolenta), the \ ectoi 
of potato yellow d waif S^X (After 
BlacL ) 


tuies of 16 degrees centigrade, the symptoms aie almost entnely 


masked 


Transmission of Yellow Dwaif —This disease is tiansmitted 
by giaftmg and by insects, but it has not been tiansmitted by 
dnect sap inoculation The vnus is peipetuated thiought the 
tubeis of infected plants Theie have been some differences oi 
opinion as to the insect vectois of yellow dwaif Ivoch (1934) 
reported transmission by Myzus peisicae Sulz , and Muncie 
(1935) claimed that Maciosiphum solamfoln Ashm and Empoasca 
fabae Hain^ are vectors of yelknv dwaif Black (1937), howevei, 
has been unable to confixm the woik of Koch and Muncie m 
carefully controlled experiments Black has presented con¬ 
vincing data that the vnus is leadily transmitted by the clover 
leaf hoppers (. Aceratagalha sangumolenta Piov ) (Fig 159) He 
was unable to transmit it with M persicae , E fabae , Macro- 
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siphum solamfoln , Phenacoccus gossypn Towns and Cld , 
Pseudococcus citn Risso, Deltoccphalus mimicus Say, Lygvs 
piatensis L , and potato floa beetles The disease has not been 
found oceumng natuially outside the known range of the clovei 
leaf hopper which includes piactically all the United States east 
of the Rocky Mountains Transmission by the clovei leaf 
hoppei has been confiimed by Walkei and Laison (1939) 

The complete host range of the virus is not known, but the 
important leguminous hosts of the leaf hoppei s aie susceptible 
Black has shown that Tnfolzum pratense L, T hybndum L , 
T repens L , and T aganum L are susceptible to the yellow 
dw r arf vn us 

The clover leaf hoppei lives ovei winter m the adult stage and 
is to be found m clovei and potato fields thioughout the growing 
season Black has shown that the vnus is pxeseived ovei winter 
m the body of the vector and that the ovei wintered vectois may 
be actively viruliferous The pioximity of clover fields to 
potato fields m New York has much influence on the epiphytology 
of the disease on potatoes Visual evidence of the spiead of the 
vnus from clover fields is not uncommon The vnus is not 
tiansmitted thiough the seeds of clover For this reason the 
amount of the virus m clovei fields increases with the age of the 
field Two- and thiee-year-old fields aie moie dangerous as 
infection sources than one-year fields This relationship between 
clover fields and yellow dwarf m potatoes was notobseived m 
Wisconsin by Walker and Laison (1939) 

The Fiji Disease of Sugar Cane (Saccharum 2) —The Fiji 
disease has been known for more than thnty yeais It was fiist 
obseived m the Bntish Ciown Colony of Fiji fiom which it has 
derived its name, and it was fiist desenbed adequately by Lyon 
m 1910 It is now known to occui m Austialia, the Philippine 
Islands, Java, and New Guinea wheie it is one of the majoi 
diseases affecting sugai cane 

The most chaiactenstic diagnostic symptoms of the Fiji 
disease are the small elongate galls foimed on the veins on the 
under surface of the leaves The galls are smooth and lightei 
green than the normal tissue (Fig 160) The leaves are dis¬ 
torted, and the entire plant is stunted It spreads rapidly and 
often may result m almost 100 per cent loss m a susceptible 
vanety 
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Transmission of the Fiji Disease —The disease is transmitted 
vegetatively through sets and ratoons fiom diseased canes, and 
lecoveiy has nevei been obseived It has nei er been transmitted 
by aitificial sap inoculation In the field it is tiansmitted by 
leaf hoppers of the genus Peikinsiella Pi oof of its tiansmission 
by these insects was obtained independently and at appioxi- 
mately the same time by Ocfemia (1933, 1934) m the Philippines 
and by Mungomeiy and Bell (1933) m Queensland, Australia 



Fig 160 —The Fiji disease of sugar cane A, a single stalk showing the 
stunted growth and shortened internodes, B the long, light-coloied ele\ ated 
leaf galls that aie characteristic of the disease {Photographs by courtesy of 
G 0 Ocfemia ) 


In the Philippines the disease is transmitted by P vastatnv 
Breddin and m Queensland by P sacchai icida Kuk In the 
latter case, the disease was transmitted only by the nymphs 
while m the Philippines, according to Ocfemia, it was transmitted 
by adult insects In a later paper, Ocfemia and Celmo (1939) 
reported that the second, third, fomth, and fifth instar nymphs 
of P vastatnx could transmit the virus but the first mstai nymphs 
could not do so The highest percentage of successful trans¬ 
mission was obtained with the fifth mstar nymphs and the mcu- 
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bation penod was shoitei These authois also ptosentod 
cMdence to show that the vnus is not congenitally tiansmittod 
thiough the eggs of P vastatnx 
The bionomics of the sugai-canc leaf hoppei (P vastatnx) 
(Fig 161) has been studied extensn cly by Uibmo (1927) Sugai 
cane is the only known host of the insect m the Philippines It 
is consideied a majoi pest of this ciop The insect is known only 
m the onental region of the Eastern Hennspheie Since sugai 
cane is an mtioduced species m the Philippine Islands, Urbmo 
believes that some native glass sen eel as the pnmitivc host of 
the insect 


Fiu 



161 —PerLmsiella sacchaiicida, one of the two known vectors of the Fiji 
disease of sugar cane (.Photograph hy courtesy of G 0 Ocfcmia ) 


4 TRANSMISSION BY THRIPS, BIOLOGICAL AND SPECIFIC 

Spotted Wilt (Lycopersicum Virus 3) —Spotted wilt, a destruc¬ 
tive disease of tomatoes, was fiist descubed m Austialia m 1919 
by Bnttlebank It is consideied the most destiuctive disease 
of tomatoes m that countiy and lately has been xeported fiom 
New Zealand (Chamberlain and Tayloi 1936), England (Smith 
1932), Canada (Berkeley 1935), and from seveial localities m 
the United States (Doolittle and Sumnei 1934, Gardner and 
Whipple 1934) The disease is not confined to the tomato but 
has a veiy wide host range, including many weeds as well as 
agricultural crops It is said to be veiy prevalent on many 
species of ornamental flowering plants (Bald and Samuel 1931, 
Gardner, Tompkins, and Whipple 1935, Snyder and Thomas 
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1936) In respect to host range, the virus is similar to that of 
aster yellows and cuily top, but it diffeis stukmgly m othei 
lespccts 

The teim “spotted wilt’ is, m some lespects, a misnomer, as 
pointed out by Samuel, Bald, and Pittman (1930), foi affected 
plants aie not always spotted, and they nevei wilt as a result of 



Fig 102 —A tomato leaf affected with spotted wilt The lower leaflets show the 
typical bronze mottled area (After Samuel, Bald , and Pittman ) 

the disease The most ehaiactenstic symptom on tomatoes is 
the sudden appeal ance of bronze-colored areas on the youngei 
leaves of rapidly growing plants (Fig 162), followed by an 
equally sudden cessation of growth The detailed symptoms 
vary greatly according to the species of plant affected, the 
variety, its age, and the prevailing temperature Plants infected 
while very young may die prematurely, but older plants live foi 
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months m a dwaited condition In warm weathei, excessive 
lateial blanching may occui, giving the plant a bunchy appeal- 
ance Little 01 no fiuit is foimcd on &c\ciely affected plants 
Fruit, when pioduced, upens slowly and is of pool quality 
Often, distinct lesions occui on the fiuit in the foimof concentric 
circles of discoloied tissue (Fig 163) These concentnc imgs 
aie the typical symptoms pioduced by the vnus on many othei 



Fig 163—A tomato fiuit affected with spotted wilt ( After Samuel, Bald , 

and Pittman ) 

species of plants wheie the disease has been called “nng spot” 
(Smith 1932) 

Transmission of Spotted Wilt —Spotted wilt is readily tians- 
nntted by artificial sap inoculation, but m natuie it is tians- 
mitted chiefly by seveial species of thups (Th? ips tabaci Lmdenian, 
Frankhmella lycopersici, 1 F occidentalis Peig, and F moultom 
Hood) Spotted wilt is the first vnus disease shown to be trans¬ 
mitted by thnps Pittman m 1927 presented evidence to show 

1 There has been some question as to the correct identification of this 
insect It was first identified as F insulans Franklin, but Steele (1935) 
concluded that it was a new but unnamed species It was finall y identified 
as F lycopersici n sp by Andrewarther (1937) 
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that the disease is transmitted by T tabaci , and m 1930 Samuel, 
Bald, and Pittman showed that F lycopeisici is an effective 
vectoi These authors concluded that T tabaci was not a true 
vectoi and that perhaps Pittman's identification had been 
enoneous Smith (1932), howevei, pi owed that T tabaci is an 
effective vector m England, and now both insects are recognized 
as vectors m Australia (Bald and Samuel 1931) Fianlhniella 
occidentahs and F moultom have been lepoited as vectors of the 
disease m California (Bailey 1935, Essig and Michelbacher 1936) 
Many other insects ha\e been tested, but the thnps aie the only 
vectors known 

Even though the disease may be transmitted by artificial sap 
inoculation, transmission by thnps is not meiely mechanical 
A minimum incubation period of 5 to 7 days m the insect is 
requned The virus may be transmitted by both larvae and 
adults although adults cannot become infective by feeding on 
diseased plants The vnus can be acquned from the plant only 
by the larval thnps, but it suivives thiough metamoiphosis, and 
the adults may become infectious without having fed as adults 
on a diseased plant The cause of this peculiai lelationship is 
not known The life of the adult is considerably longei than 
the maximum incubation period of the vnus m the insect's body, 
and so it cannot be explained on the basis of a long incubation 
period Inasmuch as the adults may tiansmit the virus acquired 
m the larvae stage, the size of the mouth parts constitutes no 
limiting factor m the movement of the vnus paitides The 
explanation of the inability of adult thnps to acquire the virus 
by feeding must await fuithei knowledge of the physiology of 
the insect 

Aftei an individual insect has acquned the vnus, it retains it 
foi seveial weeks, although its transmission duimg tins period is 
often enatic The vnus is not transmitted congenitally thiough 
the eggs of thnps oi the seeds of tomato The latent penod of 
the vnus m the tomato is 8 to 18 days, and its length is influenced 
by tempeiatuie and othei factois, the average being appioxi- 
mately 12 days The vnus, m extracted juices, is shoit-kved, 
losing its potency m 3 houis It is also sensitive to heat, being 
inactivated m 10 minutes at 42 degiees centigrade 

Thnps are very small insects of the order Thysanoptera The 
adults are dark brown oi black They live on a wide range of 
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host plants and aie often destiuctive independently* of \ims 
transmission They feed on the epidei mis of leaves and othei 
succulent tissues with a laspmg and sucking action Feeding 
wounds usually stand out as light-coloi ed mogulai spots on the 
leaf suiface 

Frankhmella lycopersici (Fig 164) lepioduces both sexually 
and paithenogenetically The minute coloiless eggs aie depos¬ 
ited beneath the epidei mis neai a vasculai bundle The eggs 
hatch m about twelve days The laivae aie light-coloi ed and 
almost tianslucent They feed on leaves immediately aftei 



Fig 164 —-Frankhmella lycopersici, one of the two vectors of the spotted 
wilt of tomato m Xustialia A, adult male, B, adult fom lie, C\ fuil-giown lai\a 
Appiox 45 X (Photograph furnished by J G Bald) 


hatching The lan al penod lasts fiora 6 to 17 days and includes 
two mstais A piepupal and pupal stage of 1 to 2 weeks is 
normally spent in the soil, aftei which the adult emeiges, and the 
life cycle which regimes a penod of about 35 days is thus com¬ 
pleted The activity of the thnps is greatly increased by waim 
weather, Bald (1937) has shown a striking influence of the temper¬ 
ature on the numbei of plants becoming infected 12 days later 
Yellow Spot of Pineapple (Ananas Virus 1) —Yellow spot is 
one of the major diseases of pineapples m the Hawaiian Islands 
It was first thoroughly defined and described by Illingworth m 
1931, but the cause of the disease was not known definitely at 


INSECTS AND VIRUS DISEASES 


361 


that time The virus nature of the disease and its method of 
spiead veie determined definitely by Linford m 1932 The dis¬ 
ease was fii st obsei \ ed m a small ai ea m Hav auinl 926 In sub¬ 
sequent yeais, it spiead rapidly throughout the islands Yellov 
spot was leported m the Philippines m 1935 (Serrano 1935) 

The fiist symptom of yellow spot is the so-called “initial spot,” 
a small (J-g to inch), slightly raised, yellowish spot on the 
upper suiface of a leaf It has a daik centei surrounded by a 



Fig 165—Pineapple yellow spot A, B , and C, “initial spots,” or primaiy 
symptoms, D, more ad\anced symptoms inyohing a long chlorotic streak and a 
large aiea of neciosis at its base The oiigmal initial spot is seen at the left 
ne u the apex of the leaf {After Linford ) 

halo of yellow (Fig 165) The spot is usually found 3 to 8 
inches from the base of the leaf, its centei often maiking the 
oviposition puncture of the vectoi (Thnps tabaci Lind) A 
yellow streak eventually appeals, extending from the spot to the 
wdnte tissue at the base of the leaf The stieak is often eon- 
stucted into small circular areas, giving a beadhke appeal ance. 
As the disease advances, the -streak becomes water-soaked and 
finally necrotic Similar symptoms appear piogiessively on the 
upper whoils of leaves The tissues of the stem on the affected 



Fig 166 —Side iot, an adxanced stage of yellow spot m which extensive neciotic 
aieas have developed along one side of the plant (After Ilhngs worth ) 
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side cease to elongate so that the axis becomes curved toward 
the affected side Finally, the entire plant dioops and dies The 
distoited one-sided natuie of the affected stems gave rise to the 
earlier name “side lot” (Fig 166) 

Seveial weeds gi owing in the \icimty of pineapple fields aie 
affected by the virus of yellow spot Symptoms of vanous types 
aie produced on these weeds (Fig 167) The most prevalent 
weed host is Emilia sagittata (Yahl) DC , which is also a piefened 
host of T tabaci land and has been shown to be the principal 



Fig 1G8 —Thnpb tabaci, the \ectoi of pineapple yellow spot (After Chittenden ) 

souice of infection on pineapples Yellow spot has much m 
common with spotted wilt of tomato and othei plants, and it is 
possible that the two diseases aie caused by the same vnus oi 
closely i elated vnuses 

Transmission of Yellow Spot —The disease is transmitted by 
Thrips tabaci Lind (Fig 168), the only known vector The 
virus is not transmitted readily by artificial inoculation although 
it can be transmitted m this w T ay (Carter 1935) An incubation 
period of approximately ten days in the insect is required As m 
the case of spotted wilt, the vector is unable to acqune the virus 
m the adult stage by feeding on infected plants The virus is 
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acquired in the laival .stage and survives pupation, the adults 
that develop hom inulifeious laivae being also viiuhferous 
The incubation penod of the vnus m pineapple and Emiha 
sagittata vanes fiom 7 to 15 days 

Thnps tabaci is an nitioduccd species m Hawaii, but it is well 
distributed throughout the Hawaiian Islands It has a wide host 
lange, having been collected fiom 66 diffceient species of plants 
of which E sagittata is one of the most impoitant Its life histoiy 
has been studied by Sakimura (1932) 

In Hawaii, T tabaci repioduces paithenogenctically through¬ 
out the yeai, and sexual reproduction is larc Theie aie two 
larval instars, a pupal and prepupal stage, that icqune approxi¬ 
mately two weeks foi completion The eggs hatch m 4 to 5 
days, and the average adult life is 32 4 days The rate of devel¬ 
opment is slowei m the coolei months, but the insect does not 
hibernate 

Control ol yellow spot by conti oiling the vector, although 
offering piomise, has not been veiy effective Biological control 
thiough imported parasites ( Thnpoctcnus rus^elh Ci aw lord and 
T biui Vuillet) has been attempted (Sakimuia 1937), as well as 
conti ol by dusting with nicotine (Caitei 1932) 

5 TRANSMISSION BY LACE BUGS, BIOLOGICAL AND SPECIFIC 

Leaf Curl (Krauselkrankeit) of Sugar Beet (Beta Virus 3) — 

This is a destructive disease of sugai beets m local legions oi 
Germany and Poland It is sinnlai m many respects to the 
cuily-top disease of beets m Amenca but appaiently is not 
identical with it For many yeais, the disease had been associ¬ 
ated with infestations of the beet leaf bug ( P'le^ma quadrala 
Fieb), but it was thought to be due to the toxic effect of the 
insect (Dyckerhoff 1927) It is known now, howevci, that the 
disease is caused by a vnus disseminated by P qimbata 

The symptoms of leaf cuil diffei m seveial lespects hom those 
of curly top Willie (1928) lecogmzed pimiaiy symptoms that 
develop shortly aftei the insects feed upon the plant These 
consist of light-colored spots marking the feeding punctures, a 
reduced turgor of the leaves, and occasionally premature death 
of the young plants The secondary symptoms develop after a 
latent period that varies with numerous influencing factors 
They consist of a swelling and clearing of the veins, accompanied 
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by a distortion of the leaf The petioles bend inward, foiming a 
close compact “head-lettuce” type of growth The plants are 
badly stunted, and the older leaves wither and die, forming a 
conical-shaped crown The sugar content of the roots is greatly 
i educed, and the diseased plants often die piematuiely 

The host range has not been studied extensively, but it is 
known to include red beets, mangold, spinach, and Rumex 
acetosa (Wille 1929) Wild-grownng Chenopodiaceae as a rule 



Fig 169—Savoy of sugar beet Note the curled and cimkled condition of 
the youngei leaves {Photograph reproduced by courtesy of Division of Sugar 
Plant Investigations, U S Dept Agr) 


do not develop the secondary symptoms of the disease and, 
because they aie all annual plants, aie of no significance m over¬ 
wintering the virus 

Transmission of Leaf Curl —The lace bug (Piesma quadrata 
Fieb ), is the only known, vector of the disease Leaf curl has 
been transmitted by artificial sap inoculation but m only a small 
percentage of trials It is not transmitted through the seed of 
sugar beets Nymphs of the vector are not capable of transmit¬ 
ting the disease, although adults bred from nymphs fed on 
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infected plants aie vnuhfeious The effectiveness of tiansmis- 
sion and the seventy of the symptoms caused depend to some 
extent on the nunibei of insects and the time of feeding Ten 
insects feeding foi 2 houis aie as effective as 3 insects feeding foi 
24 hours One insect feeding foi 24 houts oi 10 msec ts feeding foi 
1 hour cause only mild symptoms The vnus is not tiansmitted 
congenitally m the eggs of the vectoi The individuals of each 
new geneiation must acquire the virus by feeding on infected 
plants 

The -virus may overwinter eithei m infected plants oi m the 
adult insects The vector survives the wmtei as adults m a 
quiescent stage They become active m the lattei part of Maich 
oi the fiist part of Apnl Egg laying begms m May, the eggs 
being deposited chiefly on the surface of the undciside of the 
leaves The first brood of adults appears m July There are 
usually two bloods a yeai m Geimany Theie are five larval 
mstais The contiol of the disease depends upon destroying 
the infected plants that might seive as souices of primary infec¬ 
tion and upon control of the insect vectoi The 
lattei is accomplished with some success by 
destioymg the covei along the diamage ditches 
m which the adults hibernate and by the use of 
tiap lows of early planted beets on which the 
insects aie killed by spraying 
“Savoy” of Beets (Beta Virus 5) —“Savoy,” a 
virus disease of sugai beets and gaidcn beets, was 
lepoited m the United States in 1937 by Coons, 
Ivotila, and Stewait This disease is veiy smnlai 
to the Kiauselkiarihhcit of Geimany and is tians¬ 
mitted by Ptesma ancua Coons, Kotila, and 
Stew ait, howevci, state that it is dislmc fly diffci- 
ent fiom both K)auwlhankheit and ciuly top 
Affected plants have dw r arfed, down-cuiled, savoyed leaves, 
and the symptoms aie especially pronounced on the mncimost 
leaves (Fig 169) Primary symptoms aie vein dealing and a 
thickening of the vemlets, giving a netted appeal ance to the 
dorsal leaf surface In later stages, the loots are discoloied, and 
the phloem is necrotic The sugar content of affected loots is 
lowered 



I 

Fig 170 — 
Piesvia cmerea, 
the -xeetoi of 
savoy of sugai 
beet (Aftei 
Riley ) 
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Piesma ctnerea (Fig 170) is the only known vector Yiruh- 
feious and nonviiuhfeious individuals aie found Savoy is not 
transmitted by Myzns peisicae, Aphis i umicis , or Eutettn tenellus 
The disease has not been tiansmitted by artificial sap inoculation 
The latent penod m the sugai beet is 3 to 4 weeks The virus 
oveiwmteis m affected beet plants and m the vector The host 
lange of the disease has not been determined The economic 
importance of the disease is not gieat 

6 TRANSMISSION BY WHITE FLIES, BIOLOGICAL AND SPECIFIC 

Leaf Curl of Cotton (Gossypium Virus 1) —Leaf cuil (leaf 
ciinkle) is a destiuctive virus disease of cotton m the Sudan and 
m Nigeila Foi many yeais, the disease was confused with 
mjuiy caused by leaf hoppeis, but m 1930 Golding, woikmg m 
Nigei la, and Kirkpatuck, m Sudan, independently discovered 
the vuus natuie of the disease and demonstrated its tiansmission 
by a white fly ( Bemisia gossypipeida Misra and Lamba) 

The symptoms of leaf cuil vaiy extensively On some hosts 
and under some conditions, the leaves may show only a mosaic 
chlorosis or a downw ard curl of the leaf margins, but a definite 
crinkle produced by the “net-vein enations” is the most charac¬ 
teristic symptom on Sakel cotton In all cases, the plants are 
stunted, and the yields are i educed 

A similar disease of tobacco occuis m South Afuca, Java, and 
Rhodesia In Java, it is known as kroepecl Stoiey (1931) and 
Thung (1932) have shown that kioepeck is tiansmitted by a 
species of Bemisia Storey (19326) concludes that kioepeck of 
tobacco is identical with leaf cuil of cotton and is spread by the 
same vector ( B gossypipeida) Smith (1937a), however, lists 
these two viruses as being diffeient 

Tiansmission of Leaf Cuil —The cotton white fly (Bemisia 
gossypipeida) is the only known vectoi of the disease (Kirkpatuck 
1931) Aphids and leaf hoppeis have been tested but with 
negative xesults The disease is not tiansmitted by aitificial sap 
inoculation All evidence indicates that the \irus is not tians¬ 
mitted through the seed, and there is no evidence of tiansmission 
through the soil 

The latent penod of the disease m the cotton plant varies from 
8 to 34 days but m the majority of cases is between 11 and 19 
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days The vectox may acquiic the vnus by feeding on an 
infected plant 3 houis 01 less, and if an incubation penod m the 
insect is icquiicd it is not longei than 30 minutes If the laivac 
have fed on infected plants, the adults aie vnulilexons without 
again feeding on infected plants Vnulifeious insects ictam the 
virus for their entire lifetime The vnus is not congenitally 
transmitted through the eggs of the vector The cotton white fly 



Fig 171 Cassava mosaic A leaf showing topical symptoms of a severely 
affected plant (After Stoicy and Nichols ) 


was described as a new species by Misra and Lamba (1929), and 
a few brief notes on its habits and life history weic given 

The virus of cotton leaf cuil apparently survives the “dead” 
season in the ratoon cotton which is nearly always infective when 
new growth is made Control of leaf curl will depend upon the 
control of the white fly or the elimination of sources of primary 
infection Rotations planned with the view of eliminating the 
latoon cotton are being tried 

Cassava Mosaic (Mamhot Virus 1) —A mosaic disease of 
cassava {Mamhot uhlzssima Pohl) has been known m East Africa 
since 1894 and is now known to occur throughout Western and 
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Cential Africa where it incurs much loss The disease is a 
typical mosaic disease although the symptoms vaiy widely The 
leaves are mottled with distinct chlorotic aieas and often are 
badly distoited (Fig 171) Severely affected plants are stunted 
m pioportion to the degree of leaf chlorosis There are several 
strains of the virus, some pioducmg much milder symptoms than 
otheis 

Transmission of Cassava Mosaic —The virus of this disease 
apparently is not transmitted by artificial sap inoculation but is 
transmitted readily by grafting and by vegetative propagation 
It is not transmitted through the true seed One or more species 
of white flies ( Bemisia spp ) are effective vectors of cassava 
mosaic Insect transmission was first demonstrated by Ghes- 
quieie (1932) and confirmed by Storey (1934) and Golding (1936) 
More complete studies of insect transmission ha\ e been reported 
by Storey and Nichols (1938) Theie is some question of the 
identity of the vector It has been referred to as a variety of B 
gossipipe ? da (var mosaicwectura ) but one authority has identified 
specimens as a species closely related to B mgenensis Coib 
(Golding 1936) Perhaps more than one species may be involved 

The vector is capable of transmitting the vnus only by feeding 
on immature leaves, less than one-fourth their full length A 
minimum latent period of the virus m the plant of 12 to 20 days 
is required The incubation penod of the virus m the insect 
vector is not known Successful transmission expenments have 
all involved the use of laige numbers of insects, and it is not 
known whether oi not a single insect can transmit the virus 

7 TRANSMISSION BY MITES 

“Reversion” of Black Currants (Ribes Virus 1) —A disease of 
consideiable economic importance affecting black cun ants m 
England and Western Euiope is known as “reversion” (Fig 
172) The name was applied by growers and practical horticul¬ 
turists because affected plants appear to reveit to the wild type 
fiom which the improved cultivated varieties w r ere derived The 
symptoms are not clear-cut, and the disease has been confused 
with a number of other abnormal conditions The most charac¬ 
teristic diagnostic symptoms aie found on the leaves of the 
succulent vegetative shoots developing from buds formed the 
previous year near the top of the season’s grov r th The cential 



370 INSECT TRANSMISSION OF PLANT DISEASES 


lobes of these leaves have a smalloi numbci of subrmun veins 
and aie moie coaisely dentate than nonnal leaves Re-veiled 
plants fnut -v ciy spaiscly and eventually may become completely 
stenle (Amos and Hatton 1927) 

Re\ ersion has been studied most extensively m England wlieio 
it is legal ded as a maioi disease ot black cunants The English 



Fig 172 —Reveision of cunants The branch on the left is affected, Ihe 
one on the light is normal ( Photogi aph reproduced by permission of Bast Mailing 
Research Station, Kent England) 

workers have presented strong evidence that the disease is caused 
by a virus Because of the nature of the disease, its study has 
met with many difficulties, and it has not been easy to reach final 
conclusions m respect to many phases of the disease 

Inasmuch as the symptoms of reversion resembled genetic 
mutations associated with chromosome abnormalities, Darlington 
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(1927) made a study of the chromosome complements m somatic 
cells fiom noimal and leveited plants The chromosome condi¬ 
tions in both plants were found to be essentially the same, and 
it iv as concluded that the possibility of a genetic explanation of 
the cause of i eversion was i emote 

Transmission of Reversion —Rei eision as it occurs m nature is 
closely associated with a condition known as “big bud” caused 
by the mite (Enophyes 7 ibis) These mites live m the buds, 
inhibiting their normal expansion and causing them to swell 
The buds are eventually killed, and the mites then migiate to new 
buds which they infest (Massee 1927) Evidence has been 
presented (Amos, Hatton, Knight, and Massee 1927) to show 
that this mite is also the vectoi of i eversion Lees (1925) on 



L 






Fig 173 —Enophyes ?ibes, the \ector of i emersion of cun ants Very highly 
magnified (.Drawing reproduced by courtesy of East Mailing Rescaich Station, 
Kent, England) 


the othex hand, although recognizing the possibility of mite 
transmission, maintains that it can be transmitted m natuie 
independently of the piesence of the mite Big bud is not 
believed to be a symptom of leveision, the two conditions are 
thought to be distinctly different Big bud may occur on bushes 
that show no symptoms of revcision, and the disease is occa¬ 
sionally found on bushes that aie fiee of big bud In experiments 
in which buds w r eie aitificially infested with mites from ieverted 
plants, 90 pei cent of the successfully infested plants developed 
i eversion and 92 per cent of the conti ol plants not infested with 
mites remained healthy Because of certain difficulties m work¬ 
ing with the mites, the results are not conclusive beyond question, 
but there is strong circumstantial evidence supporting the view r 
that reversion is transmitted by the mites If this conclusion 
is proved to be correct, this is the fiist and only virus disease of 
plants knowm to be transmitted by a mite 
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The disease is definitely infectious and is transmitted by graft¬ 
ing but has not been transmitted by artificial sap inoculation 
Howevei, the appeaiance of leveision on a number of stocks, 
grafted with reverted scions that did not make a successful union, 
led Lees (1925) to conclude that the virus was transmitted by 
contact The disease is not transmitted by the seed The 
incomplete and often eontradictoiy nature of much of the data 
dealing with the transmission of this disease makes it difficult to 
reach a satisfactory conclusion concerning its nature and methods 
of transmission 

The natural spread of the disease m the field has been studied 
by Amos and Hatton (1928), who showed that a rapid spiead 
could be traced to a center of exceptionally heavy infestation 
of the big-bud mite and reversion Caieful logumg and the 
selection of healthy plants for cuttings give promise of successful 
control of the disease 

Eriophyes nbis, the black-cun ant-gall mite, is a very small 
mite with a relatively long cyhndncal body (Fig 173) The 
females measure only 220 micions m length, and the males aie 
about 150 microns long They feed upon seveial species of 
Ribes but appear to be confined to plants of that genus The 
mites leave the old buds m late spnng, and m the lattei part 
of May they enter the new buds and make then way to the 
center where they bleed Eggs may be found m the buds 
the year lound and are deposited, also, on the leaves and m the 
blossoms They hatch within 3 to 7 days Infested buds 
begin to swell m late summer, and the following spnng they fail 
to open and usually die The mites are disseminated fiom bush 
to bush by insects and by wind 

8 NATURE OF TRANSMISSION OBSCURE 

Wheat Mosaic (Tnticum Viruses 1 to 7) —In 1919, a destiuc- 
tive disease of winter wheat was obseived m Illinois and Indiana 
(McKinney 1923, 1937) The true nature of the disease was 
not recognized at that time, but fuither investigations have 
shown the condition to be a complex one caused by several 
closely related viruses (McKinney 1937) One or more of the 
viruses have been reported from Illinois, Indiana, Kansas, 
Nebiaska, Maryland, North Carolina, and Virginia The 
viruses affect certain vaneties of wheat, barley, rye, emmei, 
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spelt, and emkoin They aie most destiuctive on ceitam vane- 
ties of wmtei wheat Spnng wheat is laiely affected although 
it is susceptible if planted m the autumn m a legion of mild 
wmtei s The diseases have not caused a great economic loss 
paitly because of then limited distubution and paitly because 
of the availability of suitable lesistant vaneties of winter wheat 
However, they aie potentially veiy destiuctive because entire 
fields may be made worthless m regions where the diseases are 
pie valent 

The symptoms caused by the vnuses vary greatly with the 
stiam or strains involved, the vanety of suscept, and environ¬ 
mental conditions One of the principal effects is a dwarfing 
that results m a rosette type of growth that does not head out 
Various degrees of chlorosis m a vanety of patterns are often 
obseived, but chlorosis is not universally piesent on affected 
plants 

Transmission of Wheat Mosaic —The vnuses of wheat mosaic 
are tiansmitted readily by aitificial sap inoculation, but the 
methods of transmission m nature are not definitely known 
These viruses are unique m that they appear to be transmitted 
m nature only through the soil (Webb 1927, 1928) Although 
it is possible that aphids may transmit at least one of the viruses 
(Haskell and Wood 1923), insects that feed upon the aerial parts 
of the plant apparently aie not impoitant m natural transmission 
The viruses are not transmitted through the seed, but the disease 
develops m seveie form when seed are planted m infested soil 
m msectproof cages Plants grown m sterilized soil or m non- 
mfcsted soil do not become diseased although they are not 
piotected fiom insects The vnuses may survive indefinitely 
m the soil and cannot be removed by extensively washing the 
soil Infection takes place thiough the roots and through the 
ciown of the plant, but the mechanism of mgression is not known 
This aspect of the problem needs fuither study 

Latent (X) Virus of Potato (Solanum Virus 1) —This umque 
vn us was discovered by Johnson (1925), who inoculated tobacco 
plants with juice of potato plants that appealed to be free of 
virus infection and found that distinct vnus symptoms were 
pioduced on the inoculated tobacco plants Furthei experi¬ 
ments showed that practically all the commercially giown 
American varieties and many European varieties, howevei, 
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develop chaiactenstic symptoms when inoculated with the 
vnus Seveial other species of solanaceous plant also aie 
susceptible to the virus 

Transmission of the X Vnus —Although this vnus is leadily 
tiansmitted by artificial sap inoculation, it is not tiansmitted 
by aphids 01 othei common insect vectois, 1101 is it tiansmitted 
through the true seeds of potatoes Its widespread occurrence 
m nature, howevei, indicates that it must spread rapidly, but 
the method of tiansmission is still unknown The universal 
occurience of this virus m the oldei American potato vaneties 
may be explained m part by the fact that the vnus produces 
no injury to the plants and is perpetuated through the tubers 
If the vnus causes no injury that decreases the ability of infected 
plants to compete with healthy ones, it would be expected that, 
m time, the vegetative progeny would soon approach the condi¬ 
tion of universal infection 

Smith (1937) has suggested that this vnus may be transmitted 
by a flower-feeding species of thnps, but there is no lecoid of the 
possibility having been thoroughly investigated Loughnane 
and Murphy (1938) have presented evidence to show that the 
virus may be transmitted fiom plant to plant by leaf contact when 
subjected to the action of an oscillating electric fan These 
authois aie of the opinion that the vnus spreads m nature by 
leaf contact, aided by the action of the wind Cockerham 
(1937) found no correlation between the flowering habit of the 
potato varieties grown m Scotland and the presence of the X 
vnus It was observed, howevei, that the varieties found to 
be fiee of the X virus v r eie those which leacted by severe lethal 
necrosis when inoculated with it Infected individuals of these 
\aneties would be eliminated, only the vnus-fice plants sur¬ 
viving Thus the vnus is said to be self-eliminating m those 
varieties which react m this way to it 
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CHAPTER X 


INSECTS AND PHYTOPATHOGENIC PROTOZOA 

Protozoa are single-celled animals without tiue oigans and 
tissues Theie are mnumeiable species, of widely vaiymg size, 
morphology, and life habits Many species aie haimless 01 
even beneficial, but some have been iccognized foi many years 
as the cause of fatal 01 severe diseases of man and other animals 
Such devastating diseases as malana, sleeping sickness, and 
dysentery are caused by piotozoa Insects oi othei aithiopods 
have pioved to be the puncipal vectois of a relatively laigo 
peicentage of the piotozoa that are pathogenic to animals, and 
the suppression of epidemics of these diseases has hinged laigely 
upon the contiol of the aithiopod vectoi Plants, on the othei 
hand, aie comparatively fiee of protozoal diseases In fact, 
it has been known for only a relatively short time that theie are 
protozoa paiasitic on plants 

Protozoa m Laticiferous Plants —In 1909, Lafont discovered 
a flagellate inhabiting the latex of three species of Euphoibia 
He descubed and named the oiganism Lcptomonas dav'idi 
This discoveiy cieated much interest among piotozoologists 
and those concerned with human and animal diseases caused by 
flagellates In the next few yeais, the same or smulai species 
were lepoited fiom a laige numbei of laticifeious plants m 
various paits of the world, mostly m liopical 01 semitiopical 
legions (Franca 1911-1922, Fianchim 1922-1923, Migone 1916, 
and others) By 1925, flagellates had been lepoited m moie than 
50 species m six oi more families of laticifeious plants Partly 
because few students of plant pathology weie tiamed m pio- 
tozoology and paitly because of the lack of economic impoitance 
of the plan t-pai asi tie piotozoa, these oigamsms have leceived 
very little attention fiom plant pathologists Brief reviews of 
the liteiature dealing with endophytic protozoa appeared m 
Zeitschnft fur Pflanzenkrankheiten (Nieschulz 1922) and m 
Phytopathology m 1925 (Bensaude) 
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The piotozoa found m the latex of plants are, foi the most part, 
free-swimming flagellates They aie usually pleomorphic, the 
typical foim being appi oximately 15 to 20 micions m length 
(Fig 174) Multiplication, as most fiequently observed, is by 
longitudinal binary cleavage The piotozoa aie not easily 
cultivated on artificial media although certain species have been 
cultuied successfully Nearly all species found m plants have 
been found also m the intestinal tract of some plant-feeding 
Hemipterous insect There are many similai species that have 
been found only m the intestinal tracts of insects It has been 
suggested that probably all the endophytic piotozoa were 
originally members of the intestinal fauna of insects and that 
they have adapted themselves to life m the plants on which the 
insects feed Such progressive adaptation appears to be a ehar- 

A/uc/eus 

«Parabasal body 


An I end Flagellum 

Fig 174 — A flagellate from the latex cells of milkweed (After Holmes j 
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actenstic of this group of piotozoa Refemng to the order 
Pi otomastigida, which includes these flagellates, Calkins (1933) 
states that they “well illustrate the power of continued adapta¬ 
tion to new conditions m the host, leading to progressive paia- 
sitism whereby an original commensal may become a lethal 
paiasite ” 

There has been some question as to the pathogenicity of the 
protozoa found m laticiferous plants Lafont (1909) and Franca 
(1920) claimed that L davich Lafont caused a real disease of 
affected euphorbias They state that infected plants may be 
recognized easily by a generally starved appearance follow ed by a 
yellowing and final waiting of the leaves Infection is often 
localized m a single branch, winch is stunted and much shorter 
than the normal ones Strong (1924) also has reported striking 
symptoms of infection on species of Euphorbia , and moie 
recently Sassuschm (1933) made similar claims for the flagellates 
(L davidi) on E uralense m southeastern Russia On the other 
hand, Bouet and Rouband (1911), Rodham andBequaert (1911), 
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and Noc and Stevcnol (1911) have maintained that it difficult 
or impossible to distinguish infected liom nomnfccted plants 

Migone (1916) descubed a flagellate fiorn milkweed (Aiaujia 
angustifolia ) m Paiaguay and named it L elrnassiam All the 
plants giowmg m one legion weie umfoimly infected and showed 
no signs of mjuiy Foui yeais latei Fianca (1921) descubed a 
new species of piotozoa (L bordahi ), isolated by Migone fiom a 
diffeient milkweed (.Momenta odoiata), and m this case also no 
mjuiy was evident Holmes (1925a) likewise concluded that 
Hnpetomonas ( Leptomonas ) elmassiam (Migone) 1 m milkweed 
(.Asclepias syriaca L ) m Noith Amcnca was not pathogenic 
It is entnely possible that these contiastmg opinions aie, to 
some extent, caused by diffeiences m envuonmental factois m 
diffeient localities, but m any case, it is evident that the flagel¬ 
lates m laticifeious plants in general cause veiy little mjuiy and 
aie not of gieat economic impoitance Howevei, the phenom¬ 
enon is of geneial biological intei est from seveial viewpoints 

The lelative lack of vnulence of the flagellates m laticifeious 
plants can be explained m pait by the natuie of the latex ducts 
that they inhabit Theie aie two distinctly diffeient types of 
laticifeious duct, latex vessels and latex cells (Fig 175) Both 
types consist of single living cells containing many nuclei and 
extensive vacuoles m which the latex is found The latex is 
secreted by the cytoplasm and accumulates m the vacuoles A 
latex vessel arises by the dissolution of the end walls of a row of 
menstematic cells to foim a long multinucleatc vessel A 
latex cell lesults fiom the elongation of a single cell, which may 

1 There has been some confusion in the use of the generic names applied to 
the endophytic protozoa Lafont used the mine Leptomonas because the 
flagellates he observed m the latex of plants agieed morphologically with the 
genus Leptomonas Kent, all the previously know n spec res of which were con¬ 
fined to the bodies of imertebrate animals Holmes (19256) has used the 
generic name Heipetomonas because “the genera Leptomonas and Heipeto- 
monas were united m 1884 by Butschli, the first reviser, unclei the name 
of Herpetomonas ” Some authorities on protozoology (Wenyon 1926), 
however, continue to recognize both of these genera but place the plant- 
mhabitmg flagellates m a third genus Phytomonas, created by Donovan m 
1909 The genus Phytomonas Donovan is defined by Wenyon (1926) as 
“flagellates which resemble those of the genus Leptomonas , but differ m 
having both an invertebrate and a plant host ” Further confusion has been 
caused by the use of the name Phytomonas for a genus of phytopathogemc 
bacteria (Bergey et al 1923) 
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glow and blanch like a fungus mycelium Latex vessels may 
unite to foim an extensive anastomosing system, but latex 
cells occui as independent units Most of the species of Euphoi- 
biaceae and Asclepiadaceae have latex cells rathei than latex 
vessels Appaiently the flagellates aie confined to the latex 
cells and aie unable to penetiate the cell walls 01 to parasitize 
the other plant tissues Not only aie they confined to the latex 



Fig 175 —Diagiammatic lepiesentation oi two types of latex duct A \ 
litex cell (each cell is multmucleate, and although it may lamify extensively 
it is i single cell), B, a latex vessel foimed by the anastomosing of a numbei of 
individual cells Some laticifeious plants ha,ve litex cells, and otheis ha\ e latex 
•vessels Endophytic protozoa ha\e been found chiefly in latex cells (Aftu 
Holmes ) 

cells but they occur only m the vacuoles The latex cells aie 
limited m extent 7 and each cell 7 although it may be extensively 
iamified 7 is usually independent of the otheis For this reason, 
the flagellates aie localized so that they do not cause a systemic 
infection of the vital tissues A systemic infection of the vas¬ 
cular elements would be likely to be much moie injurious to the 
plants 

When the protozoa were first discoveied m plants, it was 
observed that they were very similai m moiphology to flagellates 
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previously found m the intestinal tiacts of numeious insects, a 
fact which suggested that they weie mscct-tiansmittcd Laiont 
(1911) experimentally tian&nntted the flagellate (L davidi) 
to plants by means of Nysius euphoibiac Hovaith, a Hemipteious 
insect that feeds exclusively on Euphoibiae Bouet and Rou- 



FiGr 176—The life cycle of Leptomonas david% and its vector (St(rioc(j)halu'i 
agths), according to Fianca a, infective forms, b foims found m the huits of 
Euphorbia, c, encysted forms m feces of the insect, d, foims found m the intestinal 
tract of the insect (After Franca ) 

band (1911) transmitted the flagellate to plants with Dieuches 
humths Reut, anothei Hemipterous insect Fianca (1920) 
showed that Stenocephalus agths (Fig 176) was the chief vector 
of L davtdt m Portugal 

Franca (1920) was able to transmit the flagellates from plant 
to plant with S agths as found naturally infected m nature 
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Ho obseived flagellates m the intestinal tiacts of the insects 
feeding on infected plants, whereas those feeding on nomnfected 
plants weie fiee fiom protozoa By means of feeding experi¬ 
ments, he was able to show that the flagellates found m the 
insect wcie identical with those m the latex of infected plants 
He studied also the complete life cycle of the oigamsm as it 
occuned m both insect and plant hosts, descubmg what he 
interpreted as a tiue cyclic development compaiable with that 
of certain msect-tiansmitted protozoa paiasites of animals 
Insects obtained fiom nomnfected plants weie fed on infected 
plants, and at fiequent intervals specimens of the insect were 
killed and examined Duimg the first 3 days, the flagellates 
found m the intestinal canal of the insect were m active division 
and weie veiy similai to the foims obseived m the plant tissues 
After the third day, multmucleated foims weie obseived, and 
these were intei pi eted as having been foimed by isogamic con¬ 
jugation Aftei 8 days, veiy small forms were found throughout 
the intestinal tract and m the salivaiy glands These were 
often without a flagellum and vaned m size from 4 5 to 7 microns 
long by 0 8 to 1 5 micions wide, wheieas the foims found m plants 
are from 16 to 20 nucions long and 1 5 to 2 micions wide The 
small “metacyclic” forms aie consideied by Fianca as the 
infective stage m the life cycle The complete life cycle of 
L davidi , as mtei pi eted by Franca, is lllustiated m Fig 176 
This is the most complete study that has been leported on the 
association of the endophytic protozoa with insect vectors The 
evidence presented by Fianca of a tiue cyclic development m 
the insect vectoi is m need of fuithei study Considering the 
numeious reports of endophytic piotozoa m many paits of the 
world, it is unfortunate that moie intensive studies of methods of 
transmission m different localities have not been made Many 
of the known insect vectoi s are active only at night, and it is 
possible the nocturnal habits of vectors may explain why they 
have been overlooked m so many cases 

Stiong (1924) has descubed a flagellate (piobably L davidi) 
found m Euphorbia m Central America He shov 7 ed that it 
was transmitted by Chanestenis cuspidatus , a coreid bug, and 
demonstrated it m all parts of the intestine and m the salivary 
glands of the vectoi The organism manifested a greater 
diversity of form m the insect than m the latex of the plants 
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Foims with the posterior and twisted in a helicoid mannci, small 
lound 01 oval foims, with 01 without a flagellum, and typical 
cystic foims weic obseived Slender, shoit loims with a ngid 
flagellum were the most common ones m the salivary glands 
Reproduction through binary fission was demonstrated m the 
insect, but no multiple fission was obseived 

Holmes (1924, 1925a, b , c) found Oncopeltus fasciatus (Dali), 
a red-and-black Hemipterous insect, closely associated with 
milkweeds infected with Herpetomonas elmassiam (Migone) and 
considered it as the most probable vector The geographical 
distribution of the insect vector coincided very closely with the 
distribution of infected milkweeds (Holmes 19256) Both adults 
and nymphs contained flagellates m then salivary glands, but the 
flagellates were not obseived m the intestinal tiacts of any of the 
specimens examined These flagellates were similai to ones 
found m the plants m all lespects except size Those found in 
the insects were somewhat larger than those m the plants, but 
the smaller individuals found m the insects were well within the 
lange of those m the plants A characteristic twist of the body 
was present m flagellates from both sources It was concluded, 
therefore, that the same species was involved m both cases 
No cyclic changes of the protozoa m the insect body were 
reported 

The salivary gland of 0 fasciatus is a three-lobed gland located 
m the thorax and emptying through a single efferent duct The 
flagellates w r ere very abundant m the most dorsal lobe, and a 
few r were found m the anterior lobe, but the posterior lobe was 
always free of them It is not known how the salivary gland 
becomes infected, for the protozoa were found neither m the 
alimentary canal nor m the blood cavity 

DuPorte (1924, 1925) reported the presence of protozoa m the 
latex of the following plants Asclepias syriaca , Convolvulus 
sepium, Noius alba , Lactuca canadensis , L saliva, Apocynum sp , 
Hzeracium auiantiacum , Taraxacum officinale , Ficus sp , Sonchus 
spp , Euphorbia sp , and Chelidonium majus No descriptions 
were given, although both flagellates and amoeba were mentioned 
No insect vectors were reported In two cases, A syriaca and 
C sepium , it was stated that the protozoa were transmitted 
through the seed of infected plants 

Noguchi and Tilden (1926) have reported comparative studies 
of flagellates from insects and plants These authors described 
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and named two species from bugs feeding on laticiferous plants 
and from the plants as follows Herpetomonas oncopelh from 
Oncopeltus fasciatus (probably the same as the one described by 
Holmes from the same insect as H elmassiam Migone), and H 
lygaeorum ivomLygaeus kalrnii , a bug closely related to Oncopeltus 
These authois compaied these flagellates and others obtained from 
latex of plants and fiom othei insects with the Leishmama 
forms that are parasitic on higher animals and found them to 
be quite different 

Fianehmi (1922d) has described a flagellate infection of cab¬ 
bage, a nonlaticifeious plant The plants were infested with 
pentatomid bugs (Pentatoma omaturn and P oleraceum), and the 
affected leaves w ere yellow T and wilted Smears made from the 
leaves and the intestines of the insect revealed the presence of 
similar flagellates However, the evidence that the protozoa 
were true parasites within the tissues of the cabbage is not 
convincing Franchim (1923d) claims to have inoculated 
Euphorbia plants successfully wuth flagellates from the intestines 
of several species of fly, but the methods of infection m nature 
and the life cycles of the protozoa wmre not determined How t - 
ever, latex was recognized m the intestinal tracts of flies and it w as 
suggested that the feces of flies feeding on droplets of latex 
secreted by the corolla of the flow r ers might account for natural 
infection Many of the reports of Franchim have been frag¬ 
mentary, containing very little experimental evidence, and later 
woik supporting his conclusions has not been reported 

Some studies have been made to determine if the plant- 
inhabiting flagellates are capable of infecting vertebrates 
Strong (1924) has shown that m Central America a bug, [Charles¬ 
tons cuspidatus (Distant)] transmits the flagellates of Euphorbia 
and that the bugs are eaten by a lizard ( Cuenndophorus lemis- 
catus ) In the posterior portion of the intestines of the lizard 
a flagellate indistinguishable from the insect flagellate w T as 
found These were inoculated into monkeys, dogs, guinea pigs, 
and mice, but only one lesion w^as obtained, on the monkey, 
m which flagellates of the Leishmama type w~ere present The 
ulcer and the flagellates resembled somewdiat the lesions of a 
cutaneous leishmaniasis prevalent m the locality The evidence, 
however, is not sufficient to justify the conclusion that the 
endophytic protozoa are the cause of the disease affecting 


man 
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Phloem Necrosis of Coffee—E\ on though the flagellates 
found in laticifeious plants aic not highly pathogenic, piotozoa 
cannot be ignoied as plant pathogens Stahel (1931, 1932, 
1933, 1934) has shown that the destiuctive phloem neeiosis ot 
the coffee tiee m Dutch Guiana (Suiinam) is caused by a flagellate 
which he named Phytomonas leptonasonim Accoidmg to 



Tig 177 A coffee tiee affected ^vith phloem neeiosis (Aftu Stahel ) 

Stahel, phloem necrosis is the most destiuctive disease of coffee 
m Suiinam The disease has been known foi more than 30 years, 
but its nature and cause were not understood It occurs m tv o 
forms, one acute and the other chronic, but all intergiadmg 
types may be found The chiomc form is the most common and 
is characterized by a premature yellowing and dropping of the 
leaves New leaves are put out, but they are smaller and 
fewer than the first ones Finally, after a period varying fiom 
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3 to 12 months, the entile tiee dies (Fig 177) In the acute foim 
the lea\es turn yellow and wnthm 1 or 2 days begin to wilt, and 
the entile tiee will usually die within 1 to 2 months This 
type is most frequent m the beginning of a dry period but may 
occur at other times 

As the name of the disease implies, the seat of the tiouble is 
m the phloem tissues which become necrotic while the adjacent 
vascular tissue is discolored by impregnation with wmund gum 
Preceding the appearance of necrosis, many of the sieve tubes 
undergo multiple division, a condition giving rise to many 
abnormally small sieve tubes The necrotic sieve tubes abvays 
contain large numbers of flagellates resembling m many respects 
those found m the latex of euphorbias and othei laticiferous 
plants (Fig 178) Although microscopic examination of hving 
material and stained prepaiations leave no doubt as to the pro¬ 
tozoal nature of the pathogenic organisms, Stahel has not been 
able to cultuie them m aitificial media 

The method of transmission of phloem necrosis is not definitely 
known, but much circumstantial evidence indicates that an 
insect vector is lesponsible In 1935, Bunzh, who made an 
extensive study of insects associated with the roots of the coffee 
plant, concluded that a coccid ( Rhizoecus coffeae) wms the vector 
This insect, which is attended by the ant (. Rhizomyia paramari- 
bensis ), feeds upon the roots of the coffee tree, and m a limited 
number of uncontrolled experiments Bunzli obtained data w T hich 
led him to believe that it was the agent of transmission Stahel, 
however, was unable to confixm Bunzli’s results and concluded 
that the bug (Lmcus spathuhgei Bredd 1 ) is the true vectoi, 
although definite proof of tiansmission was not obtained 

The mipiobability of R coffeae seivmg as a vector is indicated 
by the fact that the salivaiy canal of its mouth parts is too small 
to peimit the flagellates to pass, being only }i micron m diameter, 
whereas the flagellates are 1 to 1} 2 microns thick Lmcus spathu - 
liger , howevei, has a salivary canal measuring 4 microns m 
diameter This Hemipterous insect is also attended by ants 
(Pheidole biconstmcta) , feeds on the tap root neai the surface of 
the ground, and is potentially an effective vector 

1 Originally referred to as L secunger but corrected by correspondence 
with the author 
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In view of the fact that the flagellates of laticifeious plants 
are transmitted by Hemipterous insects, it seems only xeasonable 
to suspect that similar insects may be responsible foi the tians- 
mission of P leptomsonim It would be difficult to account 
for their transmission by any othei agency than insects It is 



Fig 178 —Phytomonas leptovasorum , the flagellate pathogen of phloem ricciosis 
of coffee, in the sieve tubes of affected coffee plants (After Stahd ) 


hoped that further investigations will soon clear up this important 
phase of the problem 
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CHAPTER XI 


MITES, NEMATODES, AND OTHER SMALL ANIMALS 
AS VECTORS OF PLANT DISEASES 

In previous chapters, our discussion of vectois of plant diseases 
has been limited almost entirely to insects However, there 
are, m addition to insects, a number of small animals that serve as 
effective vectors Among these may be mentioned mites, nema¬ 
todes, slugs, earthworms, and birds A few examples of disease 
transmission by these animal vectors will be discussed buefly 

MITES 

Mites are small, insectlike arthropods closely related to spideis 
and ticks They belong to the ordei Acarma, w hich includes both 
nutes and ticks The principal difference between mites and 
ticks is one of size, the laigei membeis of the order being known 
as ticks, the small ones as mites The lattei differ fiom insects 
m having typically four pairs of legs, no antennae, no true jaws 
or compound eyes, and no distinct body segmentations (Fig 179) 
One family (Enophyidae), however, is chaiactenzed by having 
only two pairs of legs (Fig 173) The laivae of most species, 
immediately upon hatching, have only three pans of legs, but 
they soon molt and tiansform into nymphs having all foui pairs 
After one or two additional molts, they acqune external sexual 
organs and assume the adult form Mites are found m many 
localities and have a wade vanety of habits Some aie tiee- 
hvmg, but many aie parasitic upon animals or plants, causing 
much economic loss Only a few species of mite have been 
mcnimnated definitely as vectois of plant diseases, but they have 
not been studied extensively fiom this viewpoint 

An excellent review of the Acarma is given by Banks (1915), 
who recognizes 8 superfamilies composed of 31 families Those 
mites most closely associated wnth plants and plant diseases are 
found chiefly m the families Enophyidae and Tyroglyphidae 
Pediculopsis qrammum Reut , the vector of Sporotuchum poae, 

397 
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causing silvei top of June grass and bud lot of carnations, belongs 
to the family Taisonemidac, many of which feed on growing 
plants and cause \ anous dcfoi unties 

The Enophyidae aie among the smallest of mites, few of them 
leaching moie than 250 mictons in length, many aie only half as 
long The body is usually much elongated w ith a multiannulatcd 
abdomen The adult charactenstically has two pairs of legs 
All species of the Enophyidae feed on plants and usually cause 
galls The foims of the galls vaiy, but, m geneial, they are 
characterized by the pioduction of a velvety mass of abnormal 



Fig 179 —Pediculopsis grammum Reut The mite that sei\es as a vectoi of 
bud rot of carnations A, male doisal view, B , male \ential view, C, nongiavid 
female, doisal \iew {Redrawn after Stewart and Hodgkiss ) 


tnchomes, cithei exposed on the surface or enclosed m pouches 
oi capsules foimed by the leaf tissue The teim “eimose” is 
applied to the galls pioduced by these mites 
Some species inhabit buds, causing them to become abnoimally 
large but inhibiting normal opening and giowth Enophyes nbis 
causes big bud of cm rants m England and Europe, and is the best 
known of the bud-infesting species It also is a vectoi of a rever¬ 
sion, 77 a virus disease of currants 
The Tyroglyphidae are most frequently associated with stored 
foods and decaying plant tissues A few species have been 
incriminated as vectors of plant pathogens, and several others 
have been under suspicion The family is characterized by the 
occurrence of a peculiar and unusual nymphal stage, the so-called 
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“hypopus,” which is stukingly different from the other stages 
The body o1 the hypopus is hard and tough it has no mouth, and 
its legs aie short and ill-adapted to walking For many years it 
was not recognized as a stage of development but was eonsideied 
a distinct species It is now r known to be a stage especially 
adapted for ensuring distribution to new sources of food The 
hypopus has, on its ventral surface, a number of suctorial disks 
by means of w Inch it attaches itself to an insect (Fig 181) Hav¬ 
ing no mouth parts, it does not feed upon the insect but merely 
uses it as a means of transportation After tianspoitation to a 
suitable locality, its hold on the insect is leleased, and the mite 
undergoes metamorphosis into a typical nymph and begins to feed 
again Tyioglyphid mites that inhabit the bark of trees are 
transported by bark beetles and other baik-infesting insects 
Those which live on decaying material are transported by flies 
and other insects that are attracted to decayed plant tissues 
The British Tyroglyphidae w T ere studied extensively by Micheal 
(1901, 1903), and a revision of the family was published by Bank^ 
(1906) 

The Relation of Mites to the Silver Top of June Grass and 
Bud Rot of Carnations—Silver top of June grass (.Poa piatensis 
L ) and other grasses is a disease that causes the flower panicles 
to wither before they have become fully expanded The affected 
paits lose then chlorophyll and become bleached and silvery m 
color, suggesting the name “silver top ” Foi many years, the 
trouble was thought to be caused by insects, but m 1908 Stew art 
and Hodgkiss reported evidence fiom woik begun m 1902 which 
showed that the condition was caused by a fungus disseminated 
and inoculated by a mite The fungus w T as described and named 
Sporotnchum poae by Peck m 1903 The mite was identified as 
Pediculopsis grammum Reut, w T hich had previously been reported 
by Reuter (1900) as associated with the disease m Finland The 
mites (Fig 179) crawl dowm the grass culms under the sheath to 
the base of the panicle where the tissues are relatively soft and 
succulent They inoculate the tissues with the fungus which 
they carry with them The mites apparently feed on the fungus 
and the decayed tissue that develops at the base of the pamcle 

Carnation bud rot is a disease characterized by an internal 
decay of the unopened buds resulting m the failure of the buds to 
expand into normal flowers (Fig 180) On dissecting the 
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unopened buds the mtenois aie found m vanous stages ol decay, 
and numerous mites always aie pi (‘sent m tire decayed t, issues 
Bud rot of carnations was first described in Nebraska by Wolcott 
m 1905 He attributed the in ] ui y entii ely to mil es The f olio w- 
mg year, Hcald (1906) icpoited the same trouble to be caused by 
a fungus transmitted by mites The fungus at fiist was thought 
to be a species of Fusanum but was later identified as a species ol 
Spoiotiichum A more complete description ol the trouble was 
published by Hcald (1908) with experimental pi oof of the patho- 



Fig 180 —T^o carnation flowers cut open to show the internal decay asso¬ 
ciated with infestation by the mite Pcdiculopsu > giaminum (CoutUsy of the 
New Yoih Agricultural Experiment Station , G(?icva) 


gemcity of the fungus and its tiansnnssion by mites The fungus 
was described and named S anthophilum by Peck The mile 
was described and named Pediculoides dianthophilus by Wolcott 
(1908) Latei m the same ycai, Stewait and Hodgkiss (1908) 
published a report of then study ol the same disease m New 
York These authors concluded that bud lot of carnations and 
silver top of June grass weie caused by the same fungus (S poae 
Peck) and that the mite was the same as that described m 1900 
by Reuter as Pechculopsis graminum, 

The evidence obtained by all workers on this disease indicates 
that the fungus is entirely dependent upon the mites for its intro¬ 
duction into the carnation buds Whether oi not the mites are 
dependent upon the fungus m any way has not been determined, 



MITES , NEMATODES , AVD OTHER SMALL ANIMALS 401 


but the decayed tissue appeals to be fai orable foi then develop¬ 
ment The method of o\ eiwintering of the fungus is not known 
Iheie is no e\idence to show whethei the fungm is constantly 
associated wnth the mites or whether the mites become con¬ 
taminated from some other source each year The eggs are not 
deposited by the female mites, the young developing to maturity 
inside the bodies of the giavid females, w hich on death disintegrate 
to liberate numerous fully developed young The nntes probably 
survive the winter as adults m protected places 

As described by Heald and by Stewart and Hodgkiss, carnation 
bud lot w T as confined entirely to greenhouse carnations, but 
recently Reiter (1935) has reported severe outbieaks of the 
disease m field-growm carnations The carnations had been 
planted m soil that had been m June-grass sod the pievious year, 
and the association of the mites with the decayed buds m the field 
was m all lespects similar to that found m greenhouses 

Mites as Vectors of the Blue-stam Fungi —-Leach, Orr, and 
Christensen (1934) called attention to the possible iole of mites m 
distributing the spores of the blue-stam fungi m Noiway-pme 
logs It w r as obseived that from 1 to 12 oi moie small mites w eie 
attached to the ventral part of the thorax oi m the concave wing 
declivities of nearly all the bark beetles (Ips pim and Ips granch - 
collis ) found m logs infested wnth blue stain The nntes (winch 
weie not identified) had obviously attached themselves to the 
beetles before they had emerged from the infested logs Careful 
examination of the logs show ed mites runmng about m neaihy all 
freshly made tunnels They were also abundant m old tunnels 
These nntes, w Inch appaiently belong to the Tyroglyphidae leave 
the beetles when they enter a log and feed on the fungi and 
decomposing baik tissue When the beetles of the new’ biooci axe 
leady to emeige, some of the mites attach themselves to the 
beetles and aie thus earned to new" tiees oi logs Micioscopic 
examination of the nntes taken fiom the beetles, as well as cul- 
tuies made fiom the nntes, showed that spoies of the blue- 
stammg fungi weie often disseminated by them 

The possibility of the Tyroglyphid mites sen mg as vectors of 
the Dutch elm disease has been recognized by Jacot (1934, 1936) 
He found three species common m the baik of elms affected with 
the disease They w’ere usually associated wnth the brood tun¬ 
nels of elm bark beetles (Hylurgopmus mfipes Eich and Scolytus 
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multistnatus Maish ) 01 with those of the flat-head boier ( Sapcrda 
tndentata Oliv ) The mites weie identified as follows Mome- 
ziella aiboica Jac , Histiogaster fungwoiax Jac , and Megmmetta 
ulmi Jac 

The migiation of these mites from tree to tree is effected chiefly 
through the hypopial nymph, which is moxe drought-resistant 
than the noimal foim and which attaches itself to any passing 
insect and is tianspoited by the insect to a new location The 
hypopial nymphs are incapable of feeding and do not cany spores 
internally but aie capable of disseminating those adhering to 
bristles, legs, 01 body plates Many of the mites weie taken m 
baik-beetle tunnels which boie fiesh coiemia of Ceratostomella 
ulmi 

Fransen (1934) also called attention to mites as a factor m the 
tiansmission of C ulrm A mite Pseudotar sonemoides mnumem - 
bills Vitzth ) is associated with the beetles m Holland The 
mites, when present, disseminated the spoies within the brood 
gallenes and stimulated moie pi of use spot illation m the pupal 
chambers, thus increasing the effectiveness of the beetles as 
vectors 

Mites as Vectors of Microorganisms Causing Decay of Plants. 

Woods (1897) described the action of the bulb mite ( Rhizoglyphus 
hyacmthi Boisd ) (Fig 181) on the Beimuda lily The mites were 
found m large numbers on decaying roots and bulbs By 
colonizing the mites on healthy plants, it was shown that they 
would attack uninjured tissues, which were soon destroyed by 
fungi and bacteria introduced by them No detailed study was 
made of the fungi and bactena responsible foi the decay 

Hodson (1928) has moie recently studied the bionomics of the 
same mite (lefeired to as R echmops Fumouze & Robm) He 
concludes that the bulb mite is not a primary parasite of unm- 
juied hyacinth bulbs In an extensive senes of cxpeiimcnts, 
bulbs were infested with the mites under various conditions If 
the bulbs were injured mechanically or by nematode infestation, 
they were rapidly destroyed by the mites and associated micro¬ 
organisms, w T hereas control plants kept free of mites were not 
destroyed It was further concluded that “the mites can 
undoubtedly carry fungus spores from bulb to bulb ” 

McDaniel (1928) m descnbmg the injury caused by the bulb 
mite on hyacinths states “It is an accepted fact that otherwise 
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healthy bulbs infested by this species are subject to rot As the 
disease develops and the bulb becomes soft, the hypopus stage of 
the mite appears, and migration to healthy bulbs takes place by 
means of some of its well known earners These healthy bulbs m 
turn become soft and rot ” 

Garman (1937) has studied the life history and activity of the 
bulb mite and reported experiments m winch rotten bulbs con¬ 
taining mites were placed m pots of soil just below healthy bulbs 
The mites readily migrated from the rotten bulbs and infested 
the healthy ones, causing them to decay (Fig 182) Welsford 



Fig 181 —The bulb mite A, adult female, dorsal wev ,, B , adult male, dorsal 
view, C, the hypopus, ventral \iev showing the ten suctorial organs by means 
of which the nute attaches itself to insects to be transported to nev localities 
Approx 80 X ( 4/£er Garman ) 

(1917), who investigated a bulb rot of narcissus m England, 
concluded that the nematode [Tylencus (Anguilluhna) dipsaci ] 
was more important as a vectoi than the bulb mite The micio- 
orgamsms responsible foi the decay of narcissus bulbs have nevei 
been studied intensively, and it is probable that more than one 
disease is involved 

The narcissus fly (Eumems tube 1 ) culatus) and othei insects play 
an important part m the distribution of the bulb mites winch, m 
the hypopial stage, attach themselves to various parts of the 
insects’ bodies and are distnbuted by the flies as they travel 
fiom bulb to bulb (Fig 183) The mites are distributed also by 
many other insects that infest decaying bulbs under conditions 
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that would be conducive to the dissemination of bactcna or spores 
of pathogenic fungi 

Accoidmg to Taubenhaus (1013), black rot of sweet potato, 
caused by cciatodomclla jimbnata (E and H) Sacc , is tians- 
mitted from loot to loot m the stoiage cellar by mites and led 
spideis (specific identity not given) It was stated that when 
these arthiopods weie tiansfened fiom diseased to healthy loots 
the disease always followed A puie cultuic of the pathogen was 



Fig 182— A, mites feeding on a bulb scale, B, a byac mill bulb infested with 
mites and beginning to decay as a lesult of inoculation of the tissues by the 
feeding mites ( After Garman) 


isolated when the mites weie taken from diseased loots and 
allow ed to crawl over a poured plate of culture medium 

Mites of various kinds are commonly associated with decaying 
plants where they are generally refened to as scavengers This 
preconceived idea of the natuie of their activity together with the 
known fact that they are wingless has tended to discount then 
possible significance as vectors of plant diseases Ceitam 
dipterous insects, long known to be associated with decaying 
plants and generally considered to be scavengers only, have 
been showm to be impoitant vectors of the microorganisms 
causing the decay (Leach 1926, 1927), and it is not improbable 
that some of the mites now classed as scavengers may prove to 
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be active vectois of pathogenic microorganisms Moreover, 
some of these mites are tyioglyphids and are disseminated by 
flies and other winged insects that feed on decaying tissues 
Therefore, the fact that the nntes are wingless does not preclude 
the possibility of their action as vectors There is need for more 
thorough study of the significance of mites as vectors of micro¬ 
organisms that cause rotting of plant tissues 



Fig 183—Two flies (Scatopse pulicarm Loew) that breed m decayed bulbs, 
with hypopi of the bulb mite clinging to them Approx 11 X The flies trans¬ 
port the mites to healthy bulbs and the mites m turn transport the fungi that 
aie responsible for the decay (After Garman ) 


Mites as Vectors of “Reversion” in Black Currants —Rever¬ 
sion, a destructive virus disease of black currants, prevalent 
m England and m Western Europe, is said to be transmitted by 
a mite [Enophyes nbis (Westw) Nal] (Amos and Hatton, 
1927, 1928) This mite (Fig 173) is also the cause of the condi¬ 
tion on cuirants known as “big bud” m which the buds become 
much enlarged but fail to open and eventually die The mites 
then migrate to new T buds and start new infestations Big 
bud is not a symptom of reversion but is a distinct manifestation 
of mite infestation Reversion is characterized by leal abnor¬ 
malities, dwarfing, and sterility It can be transmitted by 
grafting but is not transmitted by artificial sap inoculation or 
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by the seed For a somewhat more complete discussion of this 
disease and its vector, see Chap IX 

NEMATODES 

Nematodes, or loundworms, belong to the phylum Nemathel- 
minthes and include many species paiasitic on plants 01 animals 



Left Eight 

Fit 184 —Tylenchus trihci , a nematode causing a gall of wheat Left, 
lateral \iew of a young female, right, a ventral view of a young male, A, spear, 
B, anterior esophageal bulb, C, esophageal canal, D, postenor esophageal bulb', 
E, digestive system, F , reproductive system, G, spicula m male and vulva in 
female, H, anus, I , bursa of male, J, tail (After Byars ) 

as well as free-living saprophytes Some species that affect 
animals are relatively large, often attaining a length of several 
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feet, but those affecting plants are small, usually not more than 
a few millimeteis m length These are often referred to as 
“eelwcums ” The anatomy of nematodes is relati\ely simple 
(Fig 184) They have elongated, spindle-shaped bodies The 
mouth, provided with hook or stylet m the buccal cavity, leads 
into a muscular esophagus which serves as a suctorial pump 
The intestinal tract is usually a straight tube The body wall 
is muscular and is not segmented but is often tiansveisely 
marked with lings of btiff cuticle The nematodes mo\e by a 
characteristic undulatory movement 





Fig 185—Photographs of the anterior end of the root-knot nematode, 
Heterodera manom show mg the action of the mouth pai ts A show mg the st j let 
protruding into the media, B, showing the evtrusion of sain a, C, showing the 
mouth parts with the stylet fully retracted (After Linford ) 

A nematode of the common plant-infesting species is equipped 
with a minute, hollow axial stylet, or spear, by means of vhich 
it pierces the cell walls of infested plants (Fig 185) As a rule, 
the nematodes work their way into the tissues thiough the inter¬ 
cellular spaces Usually they lemain in the mtercellulai spaces 
and feed by piercing the cell walls with their stylets and sucking 
out the cell fluids Digestion of the cell contents is aided by 
the injection of saliva thiough the hollow stylet The method 
of feeding of the root-knot nematode (Eeteiodera mar tom) has 
been described clearly by Linford (1937) For a more detailed 
description of nematodes parasitic on plants and discussion of 
the diseases caused directly by them, the reader is referred to 
the treatise by Goodey (1933) 
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Nematodes and the Dilophospora Disease of Cereals—This 
is an association of two distinct diseases of eeieals, a seed gall 
caused by a nematode [Tylenchus tntici (Stembuch) Bastian] 
and a leaf-spotting disease caused by a fungus [Dilophospoia 
alopecun (Fr) Fr ] In Europe, the two diseases aie usually 
associated The nematode galls may occui independently of 
the fungus disease, but the fungus disease is laiely found on 
plants not affected with nematodes The association of the two 
pathogens has been investigated extensively by Atanasoff 
(1925) who speaks of it as “copaiasitism ” He concludes that 
the fungus disease is dependent upon the nematodes foi its 
transmission and development but that it has a detumental 
effect on the nematodes and the disease caused by them 

The nematode {T tntici) (Fig 184) infects the developing 
ovaries and causes characteristic globulai galls that replace the 
normal seeds of the affected plants In each gall aie found 
10,000 to 15,000 dormant nematode laivae The galls fall 
on the ground at harvest or may be planted later with the seed 
As soon as the galls come into contact with the moistuxe of the 
soil, the nematode larvae become active, leave the gall, and 
winder through the soil to the neaiest host plant They 
instinctively find their way into the space between the leaf 
sheaths of the young ceieal plants where they live as ecto¬ 
parasites Gradually they w r ork faithei and faither between 
the leaves toward the center until they finally reach the giowing 
point As the plant growls and the mternodcs elongate, the 
nematodes are earned passively upwaid by the elongating stem 
As soon as the head is diffeientiated, the lmmatuie nematodes 
bore into the young ovanes wheie they pioduce sexually, giving 
use to thousands of young laivae in each gall As the plant 
matures and the tissues become diy, the galls harden and the 
larvae become doimant, thus completing the life cycle 

The fungus (D alopecun) causes minacious daik spots, 
blotches, and stripes on the uppei leaves and on other parts of 
the plant Spores are formed m great numbeis m pycmdia 
localized m the spots In the early stages of infection, the fungus 
grows m between the folded leaves, binding them togethei so 
that the developing head cannot escape and is badly deformed 
and distorted The nematode galls also become infected with the 
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fungus, Atanasoff being unable to obtain any galls completely 
fiee of Dilophospora 

The spoies of Dilophospora aie cylindrical with tufts of 
bustlelike appendages at one or both ends (Fig 186) They 
are approximately 12 microns m length, exclusive of appendages, 
and 2 2 micions m width The appendages are 5 to 10 microns 



Fi< ISb —Dilophosphoi a alopecuri A, B , and C, spores shoeing the setae 
by which they adhere to the nematodes, D, a nematode with spores of Dilo- 
phospora alopecuri adhering to it illustrating the method by which the spores are 
transported m between the unfolded lea\ es to the growing point were they germi¬ 
nate and mfect the \ ery young lea\ es {Redrawn after Atanasoff ) 

m length and about 0 5 micron m diameter at the base They 
aie either simple or branched 

When the nematodes m the galls become active, the fungus 
also begins to grow and to foim spores which become attached 
to the body of the nematode larvae by means of the bustles 
as showm m Fig 186d In this way, the spoies are transposed 
by the nematode larvae into the mtersheath spaces and to the 
young grownng point Here some of them germinate and infect 
the very young leaves The symptoms, however, do not 
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become noticeable until the leaves have unfolded Nematodes 
taken from neai the giowing point of wheat plants always cany 
numerous spoies attached to their bodies 

When spores were artificially introduced into the plant near 
the growing point m the absence of nematodes, the disease 
was not produced Atanasoff explains his inability to produce 
the disease by artificial inoculation m the following way That 
w T hich was a gi owing point a few days or even hours ago is now 
a leaf The spoies introduced aitificially m the absence of 
nematodes are soon pushed upward and outside onto older 
tissue wheie infection does not take place The nematodes 
avoid this fate by continuously deserting the newly differentiated 
leaves and moving constantly downward to the undifferentiated 
tissues of the growing plant 

The nematodes not only bring the Dilophospora spores into the cen¬ 
tral cavity of the plant and carry them subsequently back to the growing 
point of the plant from its growing out leaves, but the nematodes, suck¬ 
ing or otherwise injuring or affecting the plant cells of the tender and 
minute leaves, open the way for the penetration of the fungus into the 
cells and tissues of the leaves and afterw ards of the young head 

Additional support of this explanation is furnished by the 
fact that plants already infected with Dilophospora will com¬ 
pletely recover and produce normal leaves as soon as the nema¬ 
todes die, as they sometimes do It is also noteworthy that the 
lower and older leaves are nevei infected by the fungus 

Schaffmt and Wieben (1928) have questioned the importance 
of the nematodes m the development of this disease By 
inoculating the very young tissues of geimmatmg seed with a 
suspension of Dilophospora spoies, it was shown that the fungus 
could infect wheat and lye plants m the absence of nematodes 
The conditions that lesulted in artificial infection were, however, 
not entirely typical of the conditions that influence the develop¬ 
ment of the disease as it occurs m natuie 

It is apparent that we are dealing here with a fungus disease 
of cereals that is transmitted by a nematode, itself a cause of 
disease on the same plant Although the fungus may infect 
its host plant and survive m the absence of the nematode, it 
apparently is more effective as a pathogen when associated 
with the nematode that transports the spores to the delicate 
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tissues of the growing point The spores are ensured of trans¬ 
portation by virtue of the bnstlehke appendages that adhere 
readily to the mucous covering of the nematodes In so far as is 
known, the nematodes derive no benefits from the association 

Root Nematodes as Agents of Transmission of Plant Patho¬ 
gens —There are numerous nematodes that infest the roots of 
plants Many of these such as the root nematodes Heterodeia 
mai zom and H schachtn , cause destructive diseases independently 
of pathogenic fungi or bacteria Others aie aided m their 
destructive activity by pathogemc microorganisms which are 
introduced into the plant tissues by the nematodes Theie 
are many reports m the literature of observed associations of 
nematode infestations and pathogemc microorganisms, but very 
few of these have been studied m detail The majority of the 
reports deal mainly wuth observations unsupported by careful 
microscopic examination and experimental evidence, although 
there are some exceptions 

One of the more recent reports is that of Kahnenko (1936), 
w r ho has shown that m Russia three species of nematodes (Tylefi¬ 
chus multicmta Cobb, T pratensis de Man, and Aphelenchus 
avenae Bost) attack the roots of two rubber-bearing plants and 
inoculate them with Erwinia carotovora and several othei species 
of bacteria The combined actions ot the nematodes and 
bacteria are destructive to the plants 

Careful microscopic examination showed clearly that the 
bacteria were inoculated into the root tissues by the nematodes 
It was demonstrated by cultural studies that the bacteria were 
transported both internally and externally by the nematodes 
and that the bacteria, having gamed access to the loot, caused 
extensive destiuction of the tissues independently of the action 
of the nematodes 

What is apparently a similar association between nematodes 
and a fungus has been reported by Tnffit (1931) from England, 
w T here the nematode H schactu is often a destructive pest o± 
potatoes causing a condition referred to as “ potato sickness 
It was observed that plants m certain areas m a field often are 
more severely injured than plants m other areas which are equally 
as heavily infested with nematodes It was concluded that 
when nematodes w r ere the only factor concerned, very little 
harm was done, the severe injury being caused by the combined 
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action of the nematodes and a fungus ( Colletotnchum atramcn- 
tanum) No detailed histological 01 cultuial study was made 
of the association 

Millikan (1938) has studied the eelworm disease of ceicals 
{R schactn Schmidt) m Austiaha He comments that “loot- 
rot fungi occur fieely m association with eelwoims paiticu- 
larly m wheat and m some instances at least, these undoubtedly 
have been the major cause of poor growth ” 

It is only reasonable to expect that when plant roots are 
invaded by nematodes, the resulting wounds would often serve 
as entrance points for soil fungi or bactena which are to some 
extent pathogenic In most cases, the mjuiy caused by the 
lelatively inconspicuous fungi 01 bactena has been attributed 
to the activity of the moie obvious nematodes There aie 
numerous examples of nematode mjuiy m which fungi have been 
observed to be involved to some extent A few of the bettex 
known ones will be mentioned briefly 

The root-knot nematode [H manom (Cornu) Goodey] has long 
been recognized as a contributing factor m the development 
of fusanum wilt of cotton Wilt is always moie severe on soil 
infested with nematodes than on nonmfested soil (Young 1928, 
1938, Rosen, 1928), and it has been obseived that the most wilt- 
resistant cotton varieties may become veiy susceptible in 
nematode-infested soil The mechanism by which the lesistance 
is broken down is not known, although it is assumed that the 
more effective inoculation resulting fiom nematode attack is 
the determining factor Rosen states 

The action of nematodes on roots is largely that of pioducmg localized, 
hyperplastic overgrowths, consisting mostly of soft, paienchymitous 
tissue and a reduced amount of coik and wood It seems leasonable 
to assume that this production of soft, succulent tissue olieis an excellent 
opportunity for the growth of the cotton-wilt paiasite, and this appears 
to be the explanation for the pievalence of cotton wilt on nematode- 
infested soil 

Arndt (1935) has reported that damping off of cotton seedlings 
often follows invasion of the loots by nematodes He states 
that the nematodes alone, m the absence of fungi and bactena, 
are unable to cause damping off 

The eelworm disease of potatoes caused by Anguilluhna dipsaci 
Kuhn is often destructive m England and Holland The tubeis 
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are affected, the injury closely resembling that caused by late 
blight According to Goodey (1933), “As a rule a general 
putrefactive rot sets m and spreads throughout the tubers when 
these are lifted and clamped, consequently where the disease 
is found the crop should be disposed of and not stored m clamps ” 
The direct cause of the decay m this case has not been studied 
extensively 

The same nematode also affects narcissus bulbs, and it is 
stated (Goodey 1933) that “diseased bulbs are lapidly attacked 
by many other secondary invading organisms including sapro¬ 
phytic nematodes, bacteria, mites, moulds, and fly larvae, 
etc , till finally a rotting mass is produced within the outer dry 
scales ” Welsford (1917) has studied a destiuctive bulb rot of 
narcissus associated with infestation of this nematode He 
concluded that the nematode is of greater significance as a 
vectoi of decay than the bulb mite 

The burrowing nematode [A simihs (Cobb) Goodey] has been 
shown by Mun and Hendeison (1926) to be associated with a 
root rot of sugar cane m Hawaii The nematode attacks the 
sugai-cane loots neai the tips, teiminating the giowth and caus¬ 
ing excessive foimation of lateials which aie in turn infected 
The affected paits become led, then biown, and finally puiphsh 
black A fungus is constantly associated with the nematode 
attacks and, when cultuied, pioduces the same coloi on aitificial 
media that is found m the affected loots 

Angmlluhna ( Tylenchus ) pratensis de Man is a nematode 
that attacks the roots of many diffeient kinds of plants It is 
injunous to ceieals m Geimany and othei regions wheie it has 
been studied extensively Aecoidmg to Goodey (1933), the 
mjuiy is caused not so much by the diiect action of the nematode 
as by the fungi which attack the loots weakened by the nematode, 
but no caieful study of the associated fungi has been made 
Steiner (1927) has descnbed and pictuied tins nematode m the 
loots of vanous plants (Fig 187) He states that “specimens 
of Tylenchus piatensis undoubtedly move slowly but continually 
through the loot tissues The path piepaied by the laivae 
aids m the spread of other root diseases through the loot tissues, 
especially fungi Cases have been observed by the writer where 
numerous chytnds could be seen following what appeared to be 
the trail of T pratensis ” 
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It will be seen fiom the pieeedmg discussion that the lelation- 
ship between nematodes and plant pathogens is m need of fuithei 
study The geneial pioblem of nematodes and associated fungi 
and bactena has been stated by Goodey (1933) as follows 

Because we sometimes find nematodes associated with unhealthy 
conditions of plants and are unable to assign the disease to some par- 



Fig 187 Nematodes m roots A, Tylenchus pratcn&is in a loot of a wheat 
plant (approx 55X), B, T pratemis in. a root of lily of the valley (appiox 
60 X) ( After Steiner, by courtesy of the XJ S Dept Agi ) 


ticular pathogenic organism, we may be inclined to conclude that the 
nematodes found are causally related to the diseased conditions This 
is scarcely warrantable without a thorough search for othei possible 
sources of disease of a fungal, bacterial, virus, or physiological nature 
The whole subject is one calling for much further investigation since at 
the present time, apart from our knowledge of the obligate parasites, 
we have but httle exact information on the part played by other kinds 
of nematodes m the microbiology of the soil or m relation to the plant 
m health or disease 
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EARTHWORMS 

Earthworms and Clubroot of Crucifers —Gleisberg (1922) has 
repoited evidence to show that earthworms aie concerned m the 
spread of clubroot of ciucifeis, a disease caused by a fungus 
(Plasmodiophora biassicae Woionm) Laige megular swellings 
develop on the roots of affected plants Spoie^ are formed 
within the cells of affected tissue and aie hberated only after the 
plant dies and the loots decay The spoies geiinmate m the 
soil and foim myxamoebae that find then way to the roots of 
new plants which they infect thiough the root hairs Although 
infested aieas of soil do not mciease m size lapidly the rate of 
spiead is often fastei than can be explained by the dnect migia- 
tion of the fungus m the soil 

Gleisbeig placed 3 to 10 earthworms m pots of infested soil and 
allowed them to lemain for 1 month, then lemoved them to 
new pots of disease-free soil which he planted to cabbage 
Sixty pei cent of the plants were infected m these pots, wheieas 
none weie infected m similar pots of nomnfested soil to whicn no 
earthwoims w r eie added The pathogen, m Miulent foim, was 
found to be abundant m the excieta of the worms, and it was 
concluded that eaithworms m natuie would cairy the spores of 
P brassicae for some distance m the soil It was shown that 
deep plowing to turn undei the infested soil is of only tempoiary 
value, because the earthw orms soon bring enough of the inoculum 
to the upper layeis to reinfest it 

The dissemination of Plasmodiophora m this w^ay would be 
relatively local, because eaithwoims do not tiavel for veiy gieat 
distances Theie is a possibility that they may be inducetly 
responsible for long-distance tiansnussion by birds that feed 
upon eaithwoims Theie is no experimental evidence, howevei, 
to show that this evei occurs 


SLUGS 

On several occasions, slugs have been reported as agents of 
dissemination of fungus spoies oi bacterial plant pathogens, 
but as a rule they are of relatively little importance as vectors 
of plant diseases As early as 1896, Wagner repoited experi¬ 
ments with slugs (Helix hortensis Mull, Saccima put?is L , and 
Anon subfuscus Drap) showing that they effectively dissemi- 



416 INSECT TRANSMISSION OF PLANT DISEASES 

nated spores of several species of pathogenic fungi The spores 
weie disseminated both externally m the slime and internally 
m the fecal excietions The spores of all species of fungus 
tested passed through the intestinal tiact of the slug uninjuiod, 
and such spoies weie vnulent when tested by aitificial inocula¬ 
tion In a numbei of experiments, slugs were staived foi several 
days, then allowed to feed, first on diseased plants, then latei 
on healthy plants to which the diseases were tiansnntted [. Plas - 
mopera mvea (Unger) Schroeter on Aegopochum podagiana L , 
Bremia lactucae Regel on Sonchus oleraceae L , and Peronospora 
parasitica (Pers) on Dentana bulbifera L and otheis] In no 
case, however, was it shown that the tiansmission by slugs was of 
majoi importance m the spread of the disease m nature 

Smith (1897) has leported successful transmission of black 
lot of cabbage [Phytomonas campestris (Pammel) Beigey et 
al] by slugs, but this method of tiansmission is of little sig¬ 
nificance m natuie Bullei (1909) has leported that many 
slugs feed on the fiuitmg bodies of the fleshy fungi, ingesting 
laige quantities of spoies He leviews the woik of Voglmo who 
found geiminatmg spores of several species of the Hymeno- 
mycetes m the intestinal tiacts of slugs Toads that feed on 
slugs also haibor viable fungus spoies m then intestines Voghno 
believed that the slugs played an important lole m the propaga¬ 
tion of the fungi by piovidmg suitable conditions foi spoic 
geimmation Buller, on the othei hand, more logically con¬ 
cludes that “although it may be tiue that slugs help m the local 
dispeisal of spoies m a wood oi field and piovide conditions foi 
then geimmation, these animals, owing to then slow late of 
movement, could scaicely act as agents m spiending fungus 
species from wood to wood when they aie sepaiated by con¬ 
siderable distances ” 

Giavatt and Marshall (1917), m an experimental gieenhouse 
test, obseived slugs eating the teliospores of Cronaitium ribicola 
and demonstiated that some of them weie viable after passage 
thiough the digestive tiacts of the slugs, but there was a maiked 
deciease m the percentage of spores that germinated It was 
concluded that these animals were of lelatively little practical 
importance as vectois of the disease 

Similar observations on the dissemination of cereal-rust spores 
by the imported garden slug ( Agriolimax agrestis ) were repoited 
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by Gianovsky and Le\me (1932) Slugs that had been allowed 
to feed on lust pustules m the gieenhouse were placed on healthy 
seedlings Rust infection imaiiably appealed along the trails 
of the slugs as maiked by the mucous secietion Infection tv as 
obtained also by using the excieta and intestinal contents of slugs 
as inoculum The spoies Tveie appaiently uninjured by passage 
through the slugs, but the latent penod of the lust tv as some¬ 
what piolonged Tiansmission of lust by slugs m the gieen- 
house might be of significance fiom the standpoint of experi¬ 
mental work but would be of little significance m the epiphytology 
of ceieal rusts m natuie 


BIRDS 

From time to time, vanous workeis have expressed the opinion 
that buds aie impoitant vectois of ceitam plant diseases 
Howevei, theie has been lelatively httle caieful study of the 
question The most complete investigation of the subject on 
lecoid is the study of Heald and Studhaltei (1914), dealing with 
buds as vectois of the chestnut-blight fungus These workers 
made a study of the spoies carried on the bills, feet, and featheis 
of 36 buds belonging to mne different species All the birds 
examined were shot on infested chestnut trees The species 
lepiesented m the study are as follows (1) the hany woodpecker 
(.Dryobates villosus ), (2) the downy woodpecker (D pubescens 
medianus), (3) the junco ( Junco hyemahs), (4) the flicker ( Col- 
aptes aureatus luteus, (5) the white-breasted nuthatch (Sitta 
ca? ohnensis) , (6) the biown creeper (Ceithiafamiliar is amencana), 
(7) the golden-ciowmed kinglet (. Regulus satrapa), (8) the sap- 
suckei ( Sphyraptcus vanus), and (9) the black-and-wdute cieepei 
(.Mmohlta vana) Of these, the hany woodpecker and the 
flickei were the only ones not found canymg spoies of Endothia 
pamsitica, the blight pathogen Of the 36 buds examined, 
19 were found to be canymg spoies of the fungus The esti¬ 
mated numbers of viable spoies carried by two downy wood- 
peckeis w r ere 757,074 and 624,341, respectively, and a biown 
cieeper earned 254,019 viable spoies 

The old cankers of chestnut blight are frequently infested with 
bark-bonng insects as pointed out by Ciaighead (1916), and the 
buds often riddle the cankers m search of the insects Such a 
nddled canker of chestnut blight is shown m Fig 188 In this 
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way, the buds become thoioughly contaminated with spoics of 
the fungus 

The buds, killed 2 to 4 days attei a penod ol lamy woathei, 
always earned moie spoies than those killed m diy weathet 
The spoies earned weic all pycnidiospoies, ascospoies weie 
never found on the buds The authois conclude that buds 
aie lmpoitant vectois of the fungus but that because ol the pie- 
dommance of wind dissemination of ascospoies they aie not of 
great significance m local spiead They believe, however, 
that they are icsponsible foi the so-called “spot” infections at 
some distance fiom aieas ol geneial infection 



Fig 188 —A chestnut canker that has been uddled by bn els while feeding on 
insects under the baik Buds became contaminated with the spoies m this 
way and aided in the dissemination of spoies Qvei long distances ( if ter II cal d ) 

Inasmuch as the buds involved in the study aie migiatoiy, 
they are potentially impoitant vectois fot long-distance spiead 
of the fungus It is entnely possible that by stai ting new c enteis 
of infection they contubuted maternally to the lapid spiead of 
chestnut blight throughout the lange ol the chestnut foiests 
m this country 

The extent to which these birds actually tiansmit the disease 
depends laigely upon the oppoitumty they have foi inoculating 
healthy trees Heald and Studhalter (1914) state that “each 
time the bird climbs or creeps ovei the tiunk oi limbs of a tree 
some of the spores may be blushed off and may lodge m crevices 
or on the rough bark From this position they may be washed 
down into wounds by ram and may thus cause infections ” 
A still more effective method of inoculation not mentioned by 
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these authoi s is provided by the habit many of these bn ds have 
of feeding on the cambium of healthy tiees Xeaily all the wood- 
peckeis and sapsuckeis that feed on baik-boimg insects also 
include fiesh cambium m then diet (Roberts 1932j The 
wounds made m the baik of healthy tiees would be ideal infection 
courts, and if the bird had fed recently on insects fiom a spoie- 
laden canker, infection would follow almost ceitamly 

Birds (woodpeckeis and sapsuckeis) that feed on the elm 
baik beetles m elm trees infected with the Dutch elm disease 
have been suspected of transmitting the disease, but no caieful 
study of the subject has been reported In view of the migratory 
nature of these buds and their habits of feeding on fiesh cambium 
as well as on the insects from infected tiees, it is a eiy likely that 
they may be lesponsible for staitmg centers of infection at some 
distance from the knowm area of geneial infection Transmission 
by bud vectois may offer a possible explanation of the few 
repoited cases of tiees infected wuth the Dutch elm disease m 
the absence of beetle infestation 

Birds as Vectors of Mistletoe—The mistletoes cause well- 
recognized diseases of forest trees They rarely, if ever, kill a 
tree, but they often do cause seveie malformation, sap the vitality 
of the tree, and gieatly reduce its rate of growth The mistletoes 
are semiparasites which derive part of their nounshment from 
the sap stream of living trees The xylem vessels are tapped 
by rootlike haustoria through which they withdiaw w T ater and 
mineral salts m solution They aie not dependent upon the 
tree foi carbohydiates, because they possess chloi ophyll and 
are able to synthesize then staieh 

The mistletoes aie seed-bearing plants (Fig 189) and aie 
tiansmitted fiom tiee to tiee entirely by seeds which aie dis¬ 
seminated largely by buds The role of birds m disseminating 
mistletoe has been descubed by Bray (1910) The seed of the 
mistletoe, wdien ripe, is enclosed m a clear, sticky pulp covered 
by a semitranspaient skin The sticky pulp is cleaily an adapta¬ 
tion for seed dispersal The seed and its covering, constituting 
the beny, are utihzed as food by seveial species of bird The 
mockingbird, the cedai w^axwmg, and the robin aie among the 
most important birds that feed upon the bemes, disseminating 
the seeds The birds ingest the seeds and may either pass them 
out m excrement or regurgitate them The seeds also adhere 
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readily to the feet 01 to the beak, latex to bo wiped off on a blanch 
The seeds by vntue of then sticky coating adhcio to the blanches 
and m moist weathei geimmate and infect the tice The seeds 
are obviously pooily adapted to wmd dissemination 

Bray has obseived that the point of hist infection on a tiec 
often is deteimined by the peichmg habits of the buds that 
feed upon the beines Laigc aieas weie noted m which theie 
was a piedommance of cases wheie a single plant of mistletoe 



Fig 189—A female plant of western dwaif mistletoe, with matuie beines 
on ponderosa pine The sticky pulp of the beriy causes the seed to adheie to 
tree blanches, where they geimmate They also adheie to the feet and beaks of 
buds and may be transpoited long distances by them ( After Boyce ) 

giew fiom a point near the apex of the topmost blanch, a choice 
peichmg place of the mockingbird This point of pnmaiy 
infection is ideal foi furthei infection of the lowei blanches by 
falling seeds 

The dwaif mistletoes, which cause destiuctive diseases of 
conifers m Western Noith America, also produce then seed m a 
sticky matrix On maturity, the berries develop a sti ong intei nal 
pressuie which slowly increases until a slight distuibance causes 
them to explode, forcibly ejecting the seed for a distance oi 
several feet The sticky coating causes them to adhere to the 
surrounding blanches on which they may fall Local dissemina¬ 
tion is accomplished m this way, but for dispersal over longer 
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distances dependence must he placed upon buds The buds 
tianspoit these seeds m the same t\ays that they tianspoit the 
seeds of the tme mistletoes 
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CHAPTER XII 


THE ANATOMY AND PHYSIOLOGY OF PLANTS IN 
RELATION TO INFECTION AND INSECT VECTORS 

In the process of evolution, plants have developed a number of 
natural defenses against unfavorable envn onmental factois, 
insect pests, and infection by microorganisms At the same 
time, the pathogenic micioorgamsms and insect pests have 
evolved means of oveicoming to some extent these protective 
adaptations The end result has been a certain degi ee of equilib¬ 
rium m the struggle, involving the inteiaction of plant, pathogen, 
and insect In older to have an adequate concept of the xole of 
insects m the development of plant diseases, it is necessary to 
consider m some detail the natuial defenses of plants, as well as 
the ways m which the pathogens 01 insects oveicome or circum¬ 
vent them Only m this way can we propelly evaluate the part 
played by insects m the piocesses of infection 

The plant should be visualized as a living organism composed 
of a number of delicate tissues that must be protected agamst 
the vicissitudes of both the living and nonliving environment 
Each tissue and each cell of the plant have a number of functions 
to perform, and then nature is usually determined by then 
functions Since protection is only one of the many functions 
of plant tissues, compromises have been neeessaiy so that perfect 
protection has ne\ ei been achieved Chief among the living 
components of the environment, against which protection is 
neeessaiy are insects and pathogenic microorganisms In this 
chapter, certain tissues and physiological piocesses will be con¬ 
sidered from the viewpoint of then influence upon the suscepti¬ 
bility of plants to the attack of microorganisms or insects, 01 both 
combined 

The Epidermis —In the early stages of growth, the entile outer 
surface of any higher plant is coveied with a single layer of 
speciahzed cells, the epidermis (Fig 190) The epidermis forms 
a complete covering except at a few points such as the stomatal 

424 
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openings, hydathodes, and neetaiy glands and in the gi owing 
points where the cells aie still menstematic, the epidermis not yet 
having been diffei entiated The epideimis is made up of living 
cells, but all except the guaid cells of the btomata are deioid of 
chlorophyll With the exception of such specialized cells as root 
hairs and stomatal cells, the stiuctme of the epideimal cells is 
designed pumaiily for protection The outer and radial vails of 



Fig 190-—Cross sections of leases showing the epidermis and some of its 
protective features Note the thickened outer wail and the arch or domelike 
curvatuie it forms (After Eames and MacDamcls ) 


epidermal cells are often thickened to give stiength and to lesist 
mechanical m junes The outei wall is cuived to foim a domelike 
stiuctuie that gives added lesistance to piessure fiom without 
Almost the entiie suiface of the epideimis, on the aerial parts of 
the plant, is coveied with a layei of a waxy substance known as 
“cutm” This is called the “cuticle” and constitutes a veiy 
effective barrier against infection by many micioorgamsms 
(Fig 191) The cuticle is highly impeivious to water and air 
and is resistant to chemical action No enzyme is known that 
will dissolve it 
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A nuniboi of phytopathogemc fungi aic able to pencil ate the 
cuticle by mechanical means, othois entei the plant thiough 
natuial openings, but many depend entnely upon wounds 
Those which pencil ate by mechanical means utilize the foicc oi 







Fxo 191 —Sections of the epidermis and adjacent tissues of sevei d diffeient 
plants showing the cuticle (shaded areas) The cuticle is composed of cutm, a 
substance highly resistant to chemical action Fungi aie unable to pioduce 
enzymes that will dissolve it {After Eames and MacDamds ) 


growth piessure The geiimnatmg spore foims a thick-walled 
spherical body closely appressed to the cuticle (Fig 192) The 
entne protoplasm of the germinating spoie is condensed into this 
“appies&onum ” Giowth is renewed at the point of contact of 
appressonum and cuticle, and a very thin hypha is pushed 
thiough the cuticle After the cuticle is penetiated, the hypha 
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enlaiges to noimal size and continues to giow This method of 
penetiation is common among ceitam gioups of fungi, but the 
majonty of pathogenic fungi gam entiance m some other way 
Wounds serve as the most important infection point for plant- 
pathogenic bactena No bactena aie known that aie able to 
penetiate the plant thiough unbioken cuticle With the excep¬ 
tion of stomata, lenticels, hydathodes, the floial oigans, and the 
noncutmized loot hans, wounds aie the only avenue of entiance 
for the bactenal pathogens 



Fig 192 —A semidiagrammatic di awing showing the method of cuticle pene¬ 
tiation by Colletotnchum lindemuthianum the pathogen of bean anthracnose 
a, Empty spoie after germination, 6, appressonum, c, cuticle of bean plants, d , 
fungus mycelium m host cell 


The cuticle is often coveied with minute paitides of wax, oi 
“bloom,” which, because of its high suiface tension, \eiy effec¬ 
tively sheds watei, pi eventing it fiom wetting the surface of the 
plant Plants oi plant paits that shed watei leadily usually 
escape direct infection with greater frequency than plants that 
wet more easily Stomatal penetration by bactena is also laie 
on plants with a heavy bloom This fact can be attnbuted to the 
absence of a film of watei connecting the surface of the epidermis 
with the substomatal chamber Such a film appears to be 
necessaiy for stomatal infection by bactena 
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Although the cuticle may seive as a barnei against pathogenic 
microoigamsms, it is not always effective against the feeding and 
opposition of many insects A thick oi tough cuticle, however, 
might easily discourage certain species of insects and cause them 
to show a pieference for the varieties 01 species with a thinnei 



Fig 193—Trichomes or plant haus fiom bevei il diffeient kinds of plants 
These aie all modified epideimal cells They seive many different filiations 
one of which is piotection against insect and fungus enemies (After Mama* and 
MacDaniels ) 

cuticle In such cases, if the insect were a vector of a disease, the 
nature of the cuticle would be an important factor m the ability 
of the vanety to escape infection Susceptible varieties that 
escape infection m this way are said to be “klendusic 33 Numer¬ 
ous examples of klendusic varieties of crop plant have been 
reported, but for many of them no satisfactory explanation of the 
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disease-escaping qualities is known A study of the natrne 
of the cuticle of such plants and its relation to the feeding and 
oviposition of insect vectors should be made 

On many plants, ceitam epideimal cells are often modified m 
structuie to form hairlike projections commonly known as 
“trichomes”(Fig 193) which vary widely m form and may serve 
different functions A plant with numerous tnchomes is said to 
be “pubescent”, one with few 01 none is “glabrous” The 
degree of pubescence of a variety often determines the extent to 
which certain insects will feed or bleed on it When the size or 
abundance of the tnchomes is sufficient to mterfeie greatly with 
the insects, they will avoid the pubescent varieties and seek the 
glabrous ones Consequently, the pubescent varieties often 
escape diseases caused or transmitted by the insects Perhaps 
the most staking examples are afforded by the pubescent vaneties 
of clover leported by Hollowell, Monteith, and Flint (1927) and 
Monteith and Hollowell (1929) and the pubescent varieties of 
soybeans descnbed by Johnson and Hollowell (1935) The 
pubescent varieties of these ciops suffer much less from hopper- 
burn, because the leaf hoppers [Empoascafabae (Hams)], lespon- 
sible for the bum, piefer the moie glabious vaaeties and feed 
and breed on them to the exclusion of the pubescent ones (Figs 
55 and 56) A knowledge of this anatomical relationship should 
be of considerable value m breeding for supeaor disease-escaping 
varieties of these crops 

A similar relationship between apple varieties and leaf-hopper 
injury has been reported by Schoene and Undeihill (1937) 
These authors showed that “the susceptibility of apple varieties 
to leaf-hoppei mjuiy varied inversely with the amount of pubes¬ 
cence of the foliage ” The leeogmtion of the correlation of such 
visible characters with disease-escaping qualities should be of 
value m apple breeding as well as m the selection of varieties loi 
planting m regions wheie leaf-hoppei injury is prevalent 

The Stomata —The opemngs m the epidermis, through which 
xntei change of gases between the atmosphere and subepidermal 
cells occurs, are called “stomata” (Fig 194) These usually are 
well distributed over the surface of leaves and on the surface of 
green stems The stomata are necessary openings m the protec¬ 
tive epidermis, but they are utilized also as the chief avenue of 
entrance by many disease-producing fungi and bacteria Many 
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pathogens, however, cannot infect m this way, oven though the 
inoculum may enter the stomata and reach the mtcicellulax 
spaces Such pathogens usually require wounds foi successful 
infection Wheie stomatal infection is the usual method, insects 
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Fig 194— Stomata of seveial diffeient plants, A, C\ D, I, mdLm suiface 
view B C, F,G, H, J, and K m cioss section Stomata aie mipoi taut avenues 
of entrance for both fungi and bactena They are of no significance in insect 
feeding (After Eames and MacDaniels ) 


are of little importance m mgression, although they may be 
important m disseminating the inoculum 
The stomatal openings are so small that they have little or no 
influence on the feeding of insects Some are sufficiently large 
to permit the insertion of the mouth parts of the smaller sucking 
insects, such as aphids, but as a rule these insects show no prefer- 
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ence for the stomata Their mouth parts are capable of penetrat¬ 
ing the cuticle without difficulty and they usually follow 7 the 
intercellular spaces of the underlying tissues 

Stomata rarely seive as a\enues of infection for the viruses, 
although Duggai and Johnson (1933) obtained a small amount of 
infection by spraying uninjured tobacco leaves wuth a suspension 



Fig 195 —Plasmodesmata Photomicrographs of cell walls of the tobacco 
plant stained to show the strands of protoplasm which connect the piotoplasts 
of adjacent cells A, B, and C, seen m cross section, D and E , surface view of 
the cell walls, A and B , 880X, C, 260X, D , 440X, and E> 1,020X (Aftei 
Livingston ) 

of the mosaic virus Since the virus particles must come m 
contact with living protoplasm m order to infect, infection 
through uninjured tissues could be explained only by assuming 
that some of the virus particles reached the plasmodesmata 
Plasmodesmata —In nearly all plant tissues, the protoplasts 
of the individual cells are connected with each other by fine 
strands of cytoplasm that pass through minute openings m the 
cell walls These protoplasmic bridges are known as “ plasmo¬ 
desmata ” (Fig 195) There is considerable evidence to show 
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that certain vnuses may spread from cell to cell through these 
structures Drake et al (1934) have obseived that aphids and 
other similar insects often introduce then setae into the walls 
between the cells and feed without puncturing the cells It is 
suggested by these authors that the plasmodesmata serve as 
important structures m the infection of plants by viruses through 
the agency of aphids and similar insects 

The Hydathodes —Under conditions of high humidity and low 
transpiration coupled with high soil moisture, plants often exude 



Fig 196—A diagrammatic diawing of a section thiough i hydathode, 01 
water pore, of a leaf Note that the witci poie is located near the end of i vein 
TJndei conditions of high humidity, watei from the vessels m ly piss thiough the 
intercellular spaces and be exuded in diops through the poie a, poie, 6, epi¬ 
dermis, c, teimmal cell of i xylem vessel 


water from the tips and margins of the leaves The openings 
through which the water is exuded are called “hydathodes” or 
“water pores” (Fig 196) They are located near the ends of 
the veins and are directly connected with the water-conducting 
vessels The loss of water through the hydathodes is called 
“guttation,” and the drop of water that is formed on the leaf 
margin over the hydathode is spoken of as a “guttation drop” 
(Fig 197) Water of guttation is relatively pure although it 
usually contains a small amount of nutrient materials Some 
plant pathogens, especially bacteria, may entei the plant through 
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the hydathodes They first enter the guttation drop, where 
they may find nourishment sufficient to support growth and 
multiplication As transpiration increases, some of the guttation 
water may be drawn back into the leaf, and the bacteria are 
drawn m with it It has been observed that insects, especially 
flies, frequently visit and feed upon the guttation drops and m all 
probability introduce bacteria into them This is said to be 
an impoitant method of infection of cabbage by Phytomonas 
campestns , the black-rot pathogen (Smith 1911) Hildebrand 



Fig 197 —Cabbage seedlings gi owing m a humid atmospheie and bearing drops 
of guttation watei 

(1937a) has shown also that fire-blight bacteria may infect 
thiough the hydathodes of the sepals of apple blossoms 

The guttation diops have been consideied as a possible avenue 
of infection for vnus diseases, but Caldwell (1930, 1931) has 
shown that a vnus does not infect when added to the guttation 
diop unless the adjacent plant cells are injured The virus 
particles appear unable to diffuse through an umnjuied proto¬ 
plasmic membrane In a like manner, the guttation drops on a 
plant infected with a virus disease do not contain the virus unless 
the tissues have been wounded It would seem, therefore, that 
hydathodes are probably of little significance as avenues of 
infection for virus diseases. 
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Nectaries and Other Floral Organs —Exposed tissues, poorly 
or not at all covered with a cuticle, aie found m the flowcis of 
highei plants These unprotected tissues are usually susceptible 
to direct infection by many pathogens The ncctaiy glands, the 
antheis, and the stigmatic surfaces are especially favorable places 
for infection without the aid of wounds The exposed cells often 
have no protective cuticle and m addition are usually covered 
with a sugary solution that is veiy favorable for germination of 
fungus spores and growth of bacteria Some nectary glands 
are covered with an epidermis, the nectar exuding through 
stomatal openings In nectaries of this type, the nectar forms a 




Fig 198 —Diagrammatic diawmgs showing methods of blossom infection by the 
fire-blight bacteria, A, thiough a nectaiy stoma, a , bacteria in a diop of nectai 
B, through a stigma, a, bactenal mass penetiating the intercellular spaces of 
the stigmatic surface, 6, pollen grains (After Hildebrand ) 

continuous fluid connection from the exuded nectar drops into 
the intercellular spaces (Fig 198) Certain species of pathogenic 
bacteria multiply rapidly m nectai and utilize the nectai glands 
as avenues of entrance 

Insects of many kinds visit flowers regularly m search of nectar 
or pollen and m so doing often disseminate inoculum to the very 
place where infection is most readily accomplished As examples 
of this may be mentioned fire (blossom) blight of orchard fruits 
infecting through nectaries, stigmas, anthers, stomata, and 
hydathodes and spread by bees, flies, and other insects, the anther 
smut of pinks infecting through the stigmas and spread by the 
sphinx moths, the seed blight of clover infecting through the 
stigmas and spread by bumblebees, and ergot of grasses infecting 
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through the floral oigans and spread by many different kinds of 
insect All of these diseases are regulaily transmitted by one 
or more species of insects that habitually visit both healthy and 
diseased flowers of susceptible plants m search of food, and the 
unprotected floral paits form the chief and often the sole avenue 
of entrance for the pathogens 

The Periderm —In the stems of all plants having secondary 
growth, the epidermis is eventually replaced by another protec¬ 
tive covering called the “ periderm ” This is composed largely 
of cork cells and is even more effective than the epidermis m 


Fig 199 —Root haus These aie specialized epidermal cells thiough which 
solutions are absorbed from the soil They are shoit-lived, persisting for a few 
days only, aftei which they die The adjacent cell walls quickly become sub- 
enzed, pi eventing much infection from soil organisms (After Fames and 
MacDamels ) 

protecting the plant against infection by mici oorgamsms Cork 
cells are nonliving and possess walls that have been mfiltiated 
with subenn, a substance similai m physical and chemical prop¬ 
erties to cutm The subenzed cork cells are highly impervious 
to an and water The penderm may cover the entire plant 
except the root tips and the buds, leaves, and flowers It is the 
bark of woody plants and the coiky covering of all roots No 
bactena and relatively few fungi are capable of penetrating, 
without aid, the unbroken penderm However, this protection 
does not prevail against many insects, such as bark-mhabiting 
insects which are responsible for the ingress through the periderm 
of many destructive plant pathogens Ceratostomella zps, the 
fungus causing blue stain of conifers transmitted by the pine bark 
beetles, and C ulmi , causing the Dutch elm disease transmitted 
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by the elm bark beetles, aic good examples of pathogens that 
gam mgiess tlnough the baik with the aid of insects 

With the exception of the loot tips and the shoit zone of absorp¬ 
tion, covered with loot hairs, the entue loot system is piotectcd 
by a penderm of subenzed cells The loot peiideim is an effee 



Fig 200 —Sections of a root of Salix nigra showing the endogenous origin 
of secondary loots and the natuial wounds made m the cortex Such natural 
wounds m certain plants serve as poitals of entiy fox some soil-borne fungi 
{After Eantes and MacDaniels ) 

tive protection against many of the pathogenic organisms that 
thrive m the soil Yet despite this protection many pathogens 
infect through some underground part of the plant It is gen¬ 
erally assumed that many of them enter through the root hans 
(Fig 199), which are not protected by a cuticle, but m many cases 
the evidence is lacking Natural wounds formed by secondary 
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roots (Fig 200) have been shown to serve as portals of entry for 
a few soil-borne fungi, but the extent to which these wounds are 
significant m root infection is not veil known Because of the 
obvious difficulty of observing underground infection, the exact 
place and method of such infection is known for only a few 
pathogens Many insect pests of plants are known to spend all 
or part of their life history underground, and many of them feed 
on the roots of plants Where the root feeding is not excessive, it 
usually escapes observation Although a few T cases of root infec¬ 
tion through insect wounds have been well established, the 
extent to which insect wounds on roots serve as infection courts 
for plant pathogens is not known There is room for much 
study on the soil-inhabiting insects m relation to those diseases 
which infect thiough the underground parts of plants As 
examples of known loot inoculation by insects may be mentioned 
crown gall, inoculated by white giubs and other soil insects, and 
the bacterial wilt of corn, inoculated by the southern corn root 
w orm and the seed-corn maggot 

Wound Cork —Cork tissue formed m response to a wound is 
known as wound cork Practically all plants are capable of form¬ 
ing cork tissue m the process of healing a wound The physi¬ 
ology of wound-cork formation has been extensively studied A 
good discussion of the subject is given by Priestly and Woffenden 
(1922, 1923) When plant tissue is w r ounded, those cells closest 
to the surface of the wound die within a few hours, but, m the 
process, the chemical and physical nature of the cell walls undergo 
a striking change The fatty acids m the cell sap are oxidized 
and are precipitated m and on the suiface of the cell walls, making 
them relatively impervious to water This is the so-called 
“blocking” piocess that prevents the excessive loss of w T ater, and 
it has been demonstrated that the blocking tissue is an effective 
barrier against infection by many pathogens After the blocking 
process is complete, the cells beneath this tissue become men- 
stematic, foiming a cork cambium the cells of which divide to 
give use to new layers of cells which are quickly subenzed and 
form a new pendeim (Fig 201) An abundant supply of oxygen 
and a supply of reserve food materials are necessary for wound- 
cork formation The healing of wounds m this way constitutes 
one of the most effective natural protections of plants against 
infection There are certain insects, however, that burrow into 
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plant tissue and make wounds that are more or less continuous 
over a idatively long penod of time Such insects, by mteifcimg 
with the healing piocess, overcome, to a consideiable extent, 
the protective effect of wound-coik foimation The activity of 
the seed-coin maggot, m inoculating potato seed pieces with the 
bacteria that cause blackleg, is of this nature The laivae of this 
insect bunow into the seed pieces, inoculate them with the soft- 
lot bactena, and destroy the wound tissue as fast as it is foimed 



Fig 201 —A section thiough a healed wound m a potato tubei Note the 
dark irregulai-shaped cells that compose the blocking tissue and the layoi of moio 
legular brick-shaped cells making up tho now wound periderm that has foimed 
from a cork cambium 

The continual wounding of the tissues by the maggots ensures 
successful infection by the bactena 

Callus —When a wound is of considerable size and involves 
the cambium, another kind of wound tissue known as “callus” 
is often formed Callus is composed of soft parenchymatous 
tissue produced rapidly by the cambium (Fig 118) The outer 
cells of the callus tissue differentiate and become subenzed to 
form a protective bark The continued growth of the callus 
tissue permits the healing of large wounds, such as those made m 
prumng when large limbs are cut off Callus tissue, like wound 
cork, is a relatively effective barrier against infection by micro- 


THE ANATOMY AND PHYSIOLOGY OF PLANTS 439 


organisms, but its soft and succulent nature makes it an attrac¬ 
tive food for ceitain insects The insects, by acting as vectois 
of plant pathogens, often overcome the protective action of the 
callus and cause it to function as an infection court This 
situation is well illustrated by the relationship of the woolly aphis 
to the perennial cankei of apple trees, m which reinfection occurs 
each year through w r ounds made m the callus tissue by the aphids 
(McLarty 1933 and Childs 1929) Delicate, bhsterlike swellings 
are formed on the callus as a result of the aphid feeding During 
the winter the blisters freeze and collapse, providing a suitable 
point of entrance for the spores of Gleosponum peiennans which 
are ever present m the old cankers Because the trees are dor¬ 
mant when this occurs, infection is accomplished and considerable 
tissue is destroyed befoie renewed grow T th of the callus can take 
place 

Latex Ducts —With the discovery of plant-parasitic protozoa 
(Lafont 1911) which are confined almost entirely to laticiferous 
plants and are exclusively insect-transmitted, the latex ducts 
assumed a new significance m the study of plant diseases and 
their transmission by insects As pointed out by Holmes 
(1925c), failure to undeistand the nature of latex ducts and the 
relation of the protozoa to them often leads to a misinterpretation 
of the facts 

The latex ducts are living cells They contain many nuclei 
and ramify foi long distances through the tissues of the plant 
The protoplasm contains large elongate vacuoles w^hich are 
filled with the milky latex The ducts have no opening to the 
outside of the plants, and the protozoa aie theiefore dependent 
upon insects for their introduction into the latex cells The 
protozoa do not occur m the piotoplasm but are found only 
in the latex of the vacuoles 

There are two different kinds of latex duct, classified accoidmg 
to their mode of origin One type, usually designated “ latex 
cells,” arises by the elongation of a single cell which grows and 
branches m the manner of a fungus mycelium Each cell is 
a distinct umt, and the individual cells do not anastomose wuth 
one another 

Another type of latex duct arises from many different cells 
that umte by dissolution of their adjacent end walls These 
ducts are usually referred to as “ latex vessels ” Latex vessels 
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are characteristic of such plants as lettuce and other laticiferous 
composites, wheieas the latex cells are found m the euphoibias 
and milkweeds m which most of the endophytic protozoa aie 
found The two types of latex duct aie lepiesentcd m dia¬ 
grammatic form m Fig 175 

Physiology and Chemical Composition.—The activities of 
insect vectors aie influenced not only by the anatomy of then 
host plants but also by then physiology Considerable evidence 
is available to show that differences m chemical composition of 
different varieties of plant greatly influence the degiee to which 
they are attacked by certain insects Many species of plant 
possess qualities of insect resistance that are obviously based on 
physiological differences In many cases, the dnect injury 
caused by the insects may not be sufficiently great to make the 
differences m resistance obvious or of much economic importance, 
but if the insect happens to be a vector of a plant pathogen, its 
piefeience or dislike of a given variety may be of great significance 
m the epiphytology of the disease This is especially true of the 
virus diseases and their insect vectois, although it applies equally 
well to all diseases of parasitic ongm Inspection, rogumg, 
and certification of seed or plant parts have become standard 
procedures m the control of many virus diseases The rapid¬ 
ity with which a virus spieads in nature often determines the 
success of certification as a contiol measure, and the rapidity 
of spread is often determined by the habits of the vectoi Varie¬ 
ties that are preferred by a given insect vector would be more 
likely to contract the disease than those shunned by the insect, 
although the varieties may be equally susceptible to the vnus 
when inoculated Plants that escape infection for this oi some 
similai reason, although they aie susceptible to the disease 
when inoculated, are said to be “klendusic” (Rankin 1927) 
Because of the significance of klendusity m the practical control 
of virus disease, this character is deserving of moie attention 
than it has received In the production of new varieties of 
crop plants, breeding for klendusity may be of as much practical 
importance as breeding for true resistance If the disease is 
transmitted m nature by insects, breeding for klendusity may 
offer more promise than breeding for immunity, and tests of 
hybrid progenies should be made with this m mind A moie 
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caieful study of insect relationships seems desirable in breeding 
for resistance to insect-transmitted diseases 

Rankin (1927) was among the first to call attention to klendu- 
sity m relation to plant-disease control He showed that certain 
vaneties of red raspberry escaped infection under field conditions, 
although, when inoculated under controlled conditions, they 
were veiy susceptible The rate of spread of mosaic m the 
field was also lower on the klendusic varieties than on the 
varieties preferred by the insect vectors 

This lelationship has been investigated fuither by Schwartze 
and Huber (1937), w T ho demonstiated a striking difference m 
susceptibility of red-raspberry vaneties to Amphorophora rubz 
Kalt, the vector of raspberry mosaic (see Table III) These 
authors observed that the spread of mosaic appeared to be 
directly piopoitional to then relative aphid populations The 
variety Lloyd Geoige was shown to be so highly lesistant that 
the aphids could not maintain themselves on it In western 
Washington, this variety was never found infected with mosaic 
although graft inoculations demonstrated its susceptibility 
In a latei and more complete report, Hubei and Schwartze 


Tadle III —Field Counts of Aznpho? ophoi a rubz Ka.lt, Ma.de upon 
Ten Red-r4sprerry Varieties* 


Variety 

June 25 

July 25 

Range of 
aphid 
counts 
per cane 

Av no 
aphids 
per cane 

Range of 
aphid 
counts 
per cane 

Av no 
aphids 
per cane 

Antwerp 

0-2 

0 2 

0-5 

1 8 

Chief 

8-104 

42 7 

3-108 

41 1 

Cuthbert 

0-16 

5 0 

0-30 

10 8 

Herbert 

0-3 

0 3 

0-6 

1 8 

Latham 

2-27 

14 7 

4-49 

23 1 

Lloyd George 

0-0 

0 0 

0-0 

0 0 

Marlboro 

1-9 

4 6 

4-42 

16 8 

Newburgh 

0-6 

2 0 

0-9 

4 6 

Newman 

4-17 

10 1 

1-26 

12 5 

Vikmg 

0-39 

16 0 

3-83 

32 8 


* After Schwartze and Huber 
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(1938) added the varieties Indian Summer, Pyne Impenal, 
and Pyne Royal to those on which A rvbi could not maintain 
its population Repioduction was slow and the population 
remained small on Antwerp, Heibort, Marcy, and Newburgh 

The nature of the resistance to the aphids was not determined, 
although it was stated that “the behavior of Amphorophora lubi 
when confined to Lloyd Geoige plants undei cages indicates 
that lesistance probably results fiom a lack of suitable food foi 
the insect rather than the presence of an actively repellent sub¬ 
stance 55 When the variety Lloyd George was crossed with 
susceptible varieties, the aphid-resistant character was inherited 
The significance of a knowledge of these relationships m the 
breeding of improved varieties of raspberries is obvious A 
true mosaic-resistant variety would be desirable, but if this is 
not easily obtained, a klendusic variety would be of great 
economic value Even though only partial control could be 
obtained by the use of such varieties, the efficiency of control 
of mosaic through certification would be greatly increased by 
the slower rate of spread of the disease on klendusic varieties 

A similar relationship has been shown to exist among varieties 
of cranberry and the leaf hopper (Euscehs stnatulus), vectoi of 
cranberry false blossom (Wilcox and Beckwith 1933) The 
degree of susceptibility of cranberry varieties under field condi¬ 
tions and the relative rate of spread of the disease were shown to 
be directly correlated with their attractiveness to the leaf 
hopper 

One of the best known examples of lesistance to insect injury 
in plants is that of the native American grapes to the grape 
Phylloxera (Phylloxeia vastatnx Planchon) This insect is a 
native of Eastern North America and commonly infests the 
various species of wild giape that, thiough natural selection, 
have acquired a high degree of tolerance to the insect When the 
Phylloxera was introduced into France about 1860, the European 
species of grape proved to be so susceptible that within 25 years 
nearly one-third of the vineyards of France had been destroyed 
by it The Phylloxera attacks both leaves and roots, but the 
greatest injury is caused by those which feed upon the roots 
Numerous soft, watery galls are formed on the infested roots 
These galls soon decay and greatly impair the root system, and 
the death of the entire plant is often the lesult 
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Many control measures have been used m combating the 
Phylloxera on European grape varieties, but the most successful 
has been the use of certain species of American grape as resistant 
stocks on which to graft the desired European species The 
mechanism of the resistance or tolerance of the American 
varieties is not known 

Searls (1935) has shown that varieties of peas with normal 
yellow foliage are more resistant to the pea aphid [Illinois pisi 
(Kalt)] than those varieties with darker green foliage It is 
not known whether the reaction is caused by the color alone or 
by some other factor associated with it Because the aphids 
are the most common vectors of virus diseases, this discoveiy is 
obviously significant m the study of insects m relation to the 
transmission of virus diseases m general It will be very interest¬ 
ing to know if other aphids react m a similar way to the color 
of the host plants 

An extensive study of the resistance of soighums to the chinch 
bug has been leported by Snelhng, Painter, Parker, and Osborn 
(1937) A wide variation m resistance was found, and the 
inheritance of the character was demonstrated Resistance is 
due, not to a preference for the more susceptible varieties, but 
rather to the ability of the plant to grow or recover regardless 
of the continued feeding of the chinch bugs The exact mechan¬ 
ism of resistance was not determined These authors gne a 
comprehensive review of the literature on insect resistance m 
plants 

The problem of inherent plant resistance to insects has been 
discussed at some length by Folsom and Waidle (1934), who cite 
numerous references bearing on the subject, and by Sweetman 
(1936) The latter, m considering the causes of resistance, 
groups them into three categories as follows 

1 Physical factors, such as thickness of epidermis and degree of pubes¬ 
cence 

2 Chemical factors, the presence m the plant of alkaloids, acids, tannins, 
or other chemicals 

3 Physiological factors, including vigor, quick recovery from injury, 
seasonal adaptation, early maturity, and copious sap flow 

Sweetman hsts 66 examples of plant resistance to insects 
involving 47 different species or vaneties of plant, and a some- 
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what laiger numbei of insects Of these, 17 weie classed as 
caused by physiological factois, 10 by physical factois, 9 by 
chemical factois, and 8 by both physical and chemical lactois, 
and 22 weie classed as unknown 

The problem and its piactical possibilities have been neglected 
somewhat by entomologists, as pointed out by Mumfoid (1931), 
who has discussed buefly some of the factois involved m insect 
resistance He has pioposed two new teims to expiess his 
concept of the nature of the lesistance Insect resistance 
caused by external protective agencies such as a thick epidermis 
or excessive pubescence is called epiphylaxis Resistance 
caused by internal factors such as the natuic of the cell sap or 
piotoplasm is called endophylaxis The lattei categoiy would 
include not only those characteis that aie unattractive oi 
repellent but also the failuie of the cell contents to meet the food 
i equnements of the insect 

A very good discussion of the lesistance of plants to insect 
injury was presented m 1924 by McColloch, who stressed the 
need for a more fundamental study of the subject Less exten¬ 
sive general discussions of the subject of plant lesistance to 
insect attack have been published by Tieheme (1917), Lees 
(1926), Parker and Painter (1932), McLeod (1933), and otheis 
McColloch recognized six kinds of specific cause of resistance 
(1) habit of growth, (2) morphological chaiacteis of plants, 
(3) physiological characters of plants, (4) mechanical factois, 
(5) ability to lecover fiom injury, and (6) external or envnon- 
mental factors 

Insect lesistance often escapes observation because the insect 
itself is not noticeably injurious, but it should be remembeted 
that insect vectors of plant diseases may be very destructive 
indirectly thi ough the diseases that they transmit The mhet ent 
resistance of plants to insect vectors, therefore, should not be 
overlooked m the study of plant diseases transmitted by insects 

The demonstration by DeLong, Reid, and Dailey (1930a, b) 
that bean plants sprayed with Bordeaux mixture may absorb 
enough copper to kill leaf hoppers feeding upon them calls 
attention to a new type of artificially induced insect resistance 
m plants There has not been sufficient investigation of the 
possibility of this method of insect control to justify generaliza¬ 
tions as to the extent of its application m the control of plant 
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diseases through control of insect vectors It has possibilities 
enough to justify more extensive investigations 

References 

Caldwell, J The physiology of virus diseases in plants, I Movement 
of mosaic m the tomato plant Ann Appl Biol 17 429-443 1930 

—-The physiology of virus diseases m plants II Further studies 

on the movement of mosaic m the tomato plant Ann Appl Biol 
18 279-298 1981 

Childs, L The relation of woolly apple aphis to perennial canker infection 
with other notes on the disease Oregon Agr Exp Sta Bui 243 1929 

DeLong, D M , W J Reid, and M M Darley The plant as a factor 
m the action of Bordeaux mixture as an insecticide Jour Econ 
Ent 23 383-390 1930a 

-, -, and- The toxicity of copper to the potato leaf 

hopper Joui Econ Ent 23 390-394 1930b 

Drake, C J, N J M ^.rtin, and H D Tate A suggested relationship 
between the protoplastic bridges and virus diseases m plants Science 
80 146 1934 

Dugger, B M and B Johnson Stomatal infection with the virus of 
typical tobacco mosaic Phytopath 23 934-948 1933 

Folsom, J W , and R A W4.rdle Entomology with special reference to 
its ecological aspects P Blakiston’s Son & Company Philadelphia 
1934 

Hildebrand, E M The blossom blight phase of fire blight and methods 
of control New YotL ( Cornell) Agt Exp Sta Mem 207 1937a 

Hollowell, E A , John Monteith, Jr, and W P Flint Leaf hoppei 
mjuiy to clover Phytopath 17 58 1927 

Holmes, Frances O The relation of Herpetomonas elmassiam (Migone) 
to its plant and insect hosts Biol Bui 49 323-337 1925c 

Huber, Glenn A , and C D Schwajrtze Resistance m the red raspbenv 
to the mosaic vector Amphorophora rubi Kalt J out Agt Research 57 
623-633 1938 

Johnson, H W , and E A Hollowell Pubescent and glabrous chai- 
acters of soybeans as related to resistance to injury b> the potato leaf 
hopper Jour Agt Research 51 371—381 1935 

Lvfont, A Sur la tiansimssion du Leptomonas davidi des Euiphorbes pir 
un Hemiptere Nysius euphoibiae Compt Rend Soc Biol 70 58—59 
1911 

Lees, A H Insect attack and the internal condition of the plant Ann 
Appl Biol 13 506-515 1926 

McColloch, J W The resistance of plants to insect injury Bienn 
Rept Kansas State Hort Soc 37 196-208 1924 

McLarty, H R Perennial canker of apple trees Canad Jour of 
Research 8 492-507 1933 

McLeod, G F Some examples of varietal resistance of plants to insect 
attacks Jour Econ Ent 26 62—67 1933 



446 


INSECT TRANSMISSION OF PLANT DISEASES 


Monteith, J , Jr , md E A Hollo well Pathological symptoms m 
legumes caused by the potato leaf hoppei low Agr Research 38 
649-677 1929 

Mumford, E P Studies m ceitam lactois llloctmg the iesistance ol plants 
to insect pests Science 73 49—50 1931 

Parker, J H, and R H Painter Insect lesistmce m ciop plants 
Proc Sixth Inteynat Cong Genetics 2 150-152, Ithaca, N Y 1932 
Priestly, J II , and L M Woffenden Physiological studies in plant 
anatomy V Causal factors in cork formation New Phytol 21 
252-268 1922 

-and- The healing of wounds m potato tubers and then pio- 

pagation by cut sets Ann Appl Biol 10 96-115 1923 

Rankin, W H Mosaic of raspberries New Yotk {Geneva) Agr Exp 
Sta Bui 543 1927 

Schoene, W J , and G W Underhill Resistance of certain varieties 
of apple tiees to Injury by the leaf hoppei {Empoasca fahae) Virginia 
Agr Exp Sta Tech Bui 59 1937 

Schw artze, C D , and Glenn A Huber Aphis resistance m breeding 
mosaic escaping led raspberries Science 86 158-159 1937 

Searls, E M The relation of foliage color to aphid resistance in some 
varieties of canning peas Jour Agr Research 61 613-619 1935 

Smith, Erwin F Bacteria in relation to plant diseases Carnegie Institute 
Pub 27, 3 vols 1905, 1911, 1914 

Snelling, Ralph O , Reginald H Painter, John PI Parker, and W M 
Osborn Resistance of sorghums to the chinch bug US Dept 
Agr Tech Bui 585 1937 

Sweetman, Harvey L The biological control of insects Comstock Pub¬ 
lishing Company, Ithaca, New Yoik 1936 
Treherne, R C The natural immunity oi iesistance of plants to insect 
attack Agr Gaz Canada 4 855-859 1917 

Wilcox, R B , and C S Beckwith A factor m the varietal iesistance ol 
cranbemes to the falseblossom disease Jaw Aqt Research 47 
583-590 1933 



CHAPTER XIII 


THE ANATOMY AND PHYSIOLOGY OF INSECTS IN 
RELATION TO THE TRANSMISSION OF PLANT DISEASES 

The complexity of the relationship between insect vectors and 
the disease that they transmit varies widely The association 
may be a simple, mechanical one 01 may involve a highly devel¬ 
oped state of symbiosis Even m the less complicated relation¬ 
ships, the association is often based on some paiticulai adaptation 
m the morphology or physiology of the insect vector It is 
evident that some knowledge of insect anatomy and physiology 
is essential foi a satisfactory undei standing of the nature of 
insect transmission of plant diseases Certain aspects that are 
of particular significance m a study of insect transmission of 
plant diseases will be discussed briefly m this chapter Emphasis 
will be placed on the anatomy and physiology of those ordeis 
of insect which include species of recogmzed importance as 
vectois For a more complete treatment of insect anatomy 
and physiology, the readei is referred to the work of Snodgrass 
(1935), Comstock (1936), Imms (1934), and Weber (1930) 
and to the numerous othei standard entomological texts 

THE EXOSKELETON 

Insects are small boneless animals possessing a sclerotized 
exoskeleton instead of the bony endoskeleton of the higher 
animals The exoskeleton protects the more delicate internal 
structures from desiccation and from mechanical mjuiy, and 
it selves also as a veiy satisfactory framewoik foi the attach¬ 
ment of muscles The exoskeleton is made up of three essential 
layers One layer of living cells, the epidermis, is covered extei- 
nally with a nonliving and noncellular layer, the cuhcula , and 
is bounded internally by a very thin layer of noncellular struc¬ 
ture, known as the basement membrane (Fig 202) The cuticula 
is a secretory product of the epidermis and consists chiefly of a 
nitrogenous polysaccharide known as chitm It is soft at 

447 



448 INSECT TRANSMISSION OF PLANT DISEASES 


fmst but becomes hard and tough by mfiltiation with a veiy 
resistant scleiotizmg substance The cuticula is composed of 
two layers, the outer, heavily sclerolizcd exocutuula and the 
inner, thicker, laminated endocuhcula A veiy thin surface 
layei known as the epicuticula is often present The cuticula 
may be smooth and glistening or variously sculptured by stna- 
tions, granulations, or other markings 



Fig 202—A diagiammatic i ©presentation of the stiuctuio of the body wall 
of an insect A , a thiee-dimensional view of a section of the body wall beaimg i 
seta ( a ) and a fixed hair (6), B , a veitieal section, Ct , cuticula, Epd, epidoimis, 
BMb , Basement membrane, Epct, epicuticula, Exct , exocuticula, Enct } endo- 
cuticula {After Snodgrass ) 

When the exoskeleton is concerned m the dissemination of 
plant pathogens, the process is geneially of a mechanical nature 
Dry spores, as well as wet sticky ones, adhere readily to the 
exoskeleton of insects, and they are likewise easily dislodged 
Many kinds of fungus spore are disseminated mechanically m 
this way by insects that visit diseased and healthy plants The 
effective surface for such mechanical dissemination of inoculum 
is gieatly increased by the nature and abundance ol cuticulai 
processes There are two general kinds ol cuticular piocess 
(1) The setae, or hollow pointed hairs, each pioduced by a modi¬ 
fied epidermal cell, the trichogen The setae usually have a 
membraneous articulation at the base and a wide variety of 
shapes, structures, and functions (2) The miaotrichia , or 
fixed hairs, consisting of very small pointed extensions of the 
cuticula These are fixed and solid and have no membraneous 
articulation They assume many shapes and sizes and are often 
very numerous All these cuticular processes and the body 
appendages, such as legs, wings, and antennae, may serve as 
structures that catch and distribute spores and other kinds of 
inoculum (see Figs 22 and 220) Inoculum that adheres to the 
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exoskeleton may be transported for long distances but usually, 
sooner 01 later, will be brushed off, either by accident or purposely 
by the insects Many insects are clean m their habits and fre¬ 
quently rid their bodies of adhering particles by means of their 
legs 

THE MOUTH PARTS 

Because feeding wounds made by insects are so important m 
disease transmission, the nature of the mouth parts assumes 
great significance m the study of insect structure from this point 
of view Moreover, there is greater variation m the form of the 
mouth parts than m that of almost any othei portion of the 
insect’s anatomy The variation m form is usually accompamed 
by a change m method of feeding These diffeiences m mouth 
parts and feeding methods have much to do with the relative 
effectiveness of different insects m tiansmittmg plant diseases 
Therefoie, a knowledge of the different kinds of insect mouth 
parts is essential m a study of this kind 

Notwithstanding the great vaiiation m structure, the mouth 
paits of most insects fall into one of two general types (1) 
the mandibulate, or chewing mouth parts, and (2) the suctorial 
mouth parts adapted for piercing and sucking There are, 
however, many modifications involving mtergradations and 
overlapping of these two general types so that further division 
is desirable We therefore recognize the following six types 
based on the methods of feeding (1) chewing, (2) raspmg-suck- 
mg, (3) piercing-sucking, (4) sponging, (5) siphoning, and 
(6) chewing-lapping 

The typical mouth parts of an insect consist of eight essential 
structures the labrum, the epipharynx , a pair of mandibles , a 
pair of maxillae, the hypophaiynx , and the labium (Fig 203) 
These eight mouth parts vaiy so much m both form and function 
m different insects that they are often scarcely lecognizable, 
but careful studies of their development and evolution have 
established their homologous nature 

1 Chewing Mouth Parts—The chewing mouth parts are 
adapted for pinching off, chewing up, and swallowing bits of 
tissue They are well illustrated by the mouth parts of a grass¬ 
hopper (Fig 203) The labrum, or the so-called “upper lip,” 
fits over the mandibles m front and helps to pull the food into 
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the mouth The epipharynx is a struetuie forming the ventral 
surface of the labium and is continuous with the loof of the 
mouth and esophagus Usually, it is equipped with organs of 
taste The mandibles, or fust pan of jaws, often called “teeth,” 
aie the structures that bite off and masticate the tissues They 



Fig 203 —The mouth ol a, giasshoppoi, i typi< il (hewing insect, showing the 
various paits These fundamental structures aie modified m the different 
species of insects to foim mouth paits of widely diffeient founs and functions 
(.Redrawn from Metcalf and Flint) 

are hard and usually equipped with sharp, pointed projections 
that make them effective grinders Their chewing action is 
from side to side The maxillae, or second pair of jaws, are more 
complicated in structuie than the mandibles, each being com¬ 
posed of several articulated umts ( cardo , stipes, palps, palpifer, 
galea, and lacima) Some of these work from side to side much 
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like the mandibles and aid m chewing Otheis aie antennaelike 
and are sense organs The hypopharynx is a tonguelike pro¬ 
longation of the floQi of the mouth and is attached to the inside 
wall of the labium The opening of the salivaiy duct is usually 
closely associated with the hypopharynx The labium, 01 
lower lip, is found opposite the labrum, or upper lip It is 
composed of a thud pan of jaws 01 appendages grown togethei 
along the mid-line and forming a low er lip It has a pair of short 
antennaelike appendages, or labial palps, that also serve as 
sensoiy organs 

As lepresentative of insects and chewing mouth parts may be 
mentioned grasshoppers, cuckets, tei mites, and beetles Many 
larvae, especially those of the Coleoptera and Lepidopteia, also 
have chewing mouth parts These aie the so-called grubs and 
caterpillais among which are found seveial important vectors of 
plant diseases 

2 Rasping-sucking Mouth Parts —This type is mteimediate 
between the chewing type and the piercmg-sucking type and is 
lepresented by the mouth paits of thnps Thnps feed upon 
growing plants and are known to be vectors of several destiuctive 
diseases The mouth paits of various species of thnps have been 
studied by Borden (1915), Peteison (1915), Reyne (1927), and 
Wardle and Simpson (1927) The latter authors have described 
m considerable detail the mouth parts of Thnps tabaci Lind 
and also its method of feeding on the tissues of the cotton plant 

The mouth parts of this insect are bent backw ard and undei- 
neath the head, foimmg a shoit cone-shaped pioboscis (Fig 204) 
The front part of the cone is made up of the clypeus and the 
labrum, sepaiated slightly by a membrane These structuies 
are not symmetrical The sides of the cone are formed by 
tnangulai structuies piobably denvcd from the maxillae, each 
bearing a three-jomted palp The tnangular labium composes 
the lear wall of the cone It is longei than the labium and 
maxillae and pnqects as a flexible flap Both the labium and 
the maxillae are equipped with small hooks that probably 
serve to grip the leaf suiface 

Four stylets enclosed within the cone are the actual piercing 
organs The stylets are not symmetrical, there being two 
paned stylets, one on each side of a median stylet, and a single 
unpaired stylet to the left The homologies of the stylets are 
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debatable, but, accoiding to one mtcrpietation, the paired stylets 
are probably of maxillary origin, the median stylet being denved 
fiom the hypophai ynx and the left stylet being a mandible 

According to Wardle and Simpson (1927), the insect in feeding 
on a leaf suiface, gashes an epidermal cell with a pickax-likc 
movement of the single mandible Further destruction of the 



Fig 204—Tho assy metrical mouth paits of Thnp s tabaci a , clypeus, 6, 
maxilla, c, labium, d , maxillary palp, e , labium, /, labial palp, g t mandible, 
h, hypopharynx (Redrawn after Wardle and Simpson ) 

underlying tissue is accomplished by the more delicate, paired, 
maxillary stylets which can penetrate deeper into the tissues 
than the mandible can The contents of the lacerated cells 
are sucked into the pharynx by applying the mouth of the cone 
to the leaf surface The head and mouth parts of one of these 
insects m the act of feeding on the surface of a leaf is shown 
diagrammatically m Fig 205 

Another type of the raspmg-sucking mouth parts is found m 
the muscoid larvae (maggots) of the Diptera The usual 
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structures are entnely suppressed m the maggots, being replaced 
by a pan of strong, sharp, chitmous “mouth hooks/ 7 movable 
as a unit m a vertical plane These mouth hooks are often 
incorrectly called mandibles They are solid cuticular struc¬ 
tures that are shed with each molt but are m no v ay homologous 
with true mandibles The entire facial region of the head is 
mvagmated into the thorax, and a fold of the neck projects 



and Simpson ) 


beyond the mouth to form a snouthke stiucture that functions 
as the “head 77 of the maggot 

In feeding, the maggot lacerates the plant tissues or othei 
substrate with the mouth hooks and, by means of a pump, 
sucks m the released liquid food This mote 01 less continuous 
laspmg action of maggots that feed on plant tissues constitutes a 
veiy effective wounding agency from the standpoint of infection 
by plant pathogens The symbiotic association of maggots 
with bacteria and other microorganisms that often aie pathogenic 
to plants makes them assume a role of particular significance 
m this respect 
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3 Piercmg-suckmg Mouth Parts—The mouth paits of 
those insects which feed by pieicmg and sucking aie highly 
specialized, and it is difficult to leeogmze the component pails 
as homologous with those ot the chewing insects Theio aie 
many vanations as icpicsenlcd by the aphids and plant bugs, 
the lice, the biting flies, and fleas We aie piimanly inteiested 
m the Homoptera and Hemiptcia as plant vectors, and oui dis¬ 
cussion of the piercing-sucking mouth paits will be limited to 
lepiesentatives of these gioups 

The essential structures of the Hemipteious mouth parts aie 
lepresented m Fig 206 They consist of a slendei beak of Ihiee 
oi foui segments sunounding and paitly enclosing four extremely 
slender, shaip-pomted stylets so fitted togethci as to lesemble a 
single bustle These pieicmg stylets ate olten iclened to as 
“mandibular 1 and “maxillary bristles” oi merely as “setae” 
Since the latter tcim has been used extensively by those who 
have studied the mechanism of feeding of piercing-sucking insects 
on plant tissues, it is used m most of the following discussions 

The beak enclosing the setae is not a complete cylindei but 
has a groove along one side m which the foui setae lie This 
grooved structure is the labium The four setae aie mandibles 
and maxillae , the lattei being the innermost two enclosed by the 
pair of mandibles The inner surface of each of the maxillae is 
doubly grooved from end to end so that fitting together they 
form two closed tubes (Fig 206T) The doisal tube, usually 
the larger of the two, is the suction tube through which the plant 
luices aie sucked The smaller, ventral tube is the salivary tube 
through which saliva is ejected into the plant 

The two mandibles fit closely on opposite sides of the maxillae 
almost completely enclosing them but permitting a free sliding 
movement of the maxillae inside the enclosing mandibles Near 
the base of the labium, on the open, oi dorsal, side, the groove 
rs covered by a short flap, the labrum The hypophaiynx lies 
between the bases of the maxillae It is penetrated by salivary 
ducts that open into the salivary tube It is heavily sclerotized 
but is small and inconspicuous 

The structure as described above may be considered as repre¬ 
sentative of the plant-sap-suckmg insects of the orders Homop¬ 
tera and Hemiptera There is considerable variation m the 
details of structure among the different species of these orders, 
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Fig 20G—The piercing sucking mouth paits of the squash bug and cicada 
A , cross section and isometric piojection of mouth parts of the squash bug, B , a 
saggital section of the head of the periodical cicada showing the mouth opening, 
the sucking pharynx, and the salivary glands, C, fiont or dorsal view of head and 
mouth parts of a dog-day cicada (After Metcalf and Flint ) 
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but the fundamental anangoment of the mouth paits and then 
functions aie essentially the same m all 

The detailed mechanics of feeding by the pioicmg-sucking 
insects has not been studied \eiy extensively The small size 
of the insects and the natuie ol then 1 ceding have made the 
subject a difficult one In lelatively leccnt yeais, since the 
impoitance of sucking insects as vectois ol plant vnuses has 
been fully lealized, the subject has icccived renewed attention 
Eailier descuptions weic bnel and vague It was stated simply 
that the slendei stylets, using the giooved labium as a guide, 
weie loiced into the plant tissue by the piotiaetoi muscles at 
then base Howevei, when the feeding punctilios (Pigs 223 



1 2 3 4 5 6 7 8 

Fig 207 —Successi\e stages in the mseition of the bet ic ot Homiptoia accoicl¬ 
ing to Webei’s inteiprelation MdB , mandibul n sot 10 , MxB , mvullaiy setae 
(After Snodgrass ) 

and 224) are examined, it is evident that the range of action of 
the protractor muscles is not sufficient to foice the setae to the 
depth that they reach m the plant tissues Moieovei, m many 
species (. Psylhdae , Coccidae , etc ) the setae aie much longer than 
the labium, and when the insect is not feeding the setae are 
retracted m a long flexible loop outside the labial gioove It 
would be physically impossible foi the reti actor muscles to 
foice such long flexible setae into the plant tissues The letrao- 
tion of these long setae fiom the plant tissues would be difficult/ 
to explain, but Heriot (1934) has called attention to the fact, 
often overlooked, that the setae are cast off and icncwed with 
each molt and that insects with veiy long setae, such as the 
scales and ceitam aphids, often nevei retract then setae aftei 
they once have been mseited deep into the tissues 

The mechanics of penetration by these insects has been investi¬ 
gated more extensively by Weber (1933), who has shown that 
the four setae aie not moved simultaneously as a unit by the 
protractor muscles but are moved independently of each other 
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According to this authority, the mandibulai setae aie the actual 
pieicmg organs and operate as follows One mandibular bustle 
is forced out m advance of the i emaimng setae foi a shoit distance 
by the piotractor muscles, the shaip point of the single bustle 
making a small opening m the plant tissue This opeiation is 
followed by a similar thrust by the opposite mandible aftei 
which the two enclosed maxillaiy bustles aie loweied so that 
all foui bristles assume the oiigmal position lelative to one 
anothei but are slightly embedded m the suiface of the plant 
tissue By continued lepetition of this pioceduie, vhich is 



Fig 208 — V diagrammatic driving dlustiatmg the meihanibin of jienetration 
of plant tissue by Hemipteious insects ha\mg long setae stoied in a coil when 
icti acted 1, position of beak befoie penetiation, 2 to b, successive stages of 
mseition (.From Snodgrass after Weber ) 

lllustiatod diagrammatically m Figs 207 and 208, the setae aie 
giadually dnven deepei and deepei into the tissue until the 
required depth is reached They aie pi evented fiom slipping 
back aftei each individual thiust, m some species by barbs on 
the mandibulai setae and m otheis by the clasping action of 
the enclosing labium Accoidmg to Giove (1919), this clasping 
action may be due to mcieased piessuie of body fluids, but 
Weber has shown that usually theie aie special labial clamps, 
equipped with appropnate muscles, for this puipose (Fig 208) 
There is considerable variation m the structuie of the mouth 
parts of the different families of the Hemipteia, and further 
studies may reveal vanations fiom the mechanisms descubed 
above, but, m any case, the pieicing-sucking insects aie capable 
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of penetiatmg plant tissues with a suipnsmg dogioc ol skill and 
aie able to select the tissues most suited to their needs For a 
fuithei discussion of the feeding of the sucking insects horn the 
standpoint of the plant tissues, see Chap XV 

The sucking piocess begins as soon as penetiation of the tissue 
has been accomplished This involves a flow of saliva outwaul 
thiough the sahvaiy canal into the tissues and a flow of the plant 
juices mwaid thiough the food canal The saliva is forced 
thiough the sahvaiy canal by the sahvaiy pump, a musculai sac 
connecting with the sahvaiy duct The foice required fot the 
flow of the plant sap is piovided, m part by capillarity and posi¬ 
tive sap pressure m the plant, and m part by active suction 
produced by the dilation of the pharynx Thus, a two-way flow 
thiough the beak is maintained duimg the feeding piocess an 
outward flow of saliva and an mwaid flow of a mixture of plant 
sap and saliva 

The sucking insects are peihaps the most important group of 
insect vectors of plant diseases The nature of then mouth 
parts and then mode of feeding make them effective agents of 
inoculation and mgression They aie especially effective m the 
transmission of virus diseases, and theie appears to be a high 
degiee of adaptation to vnus transmission m many species of 
the Homoptera 

4 Sponging Mouth Parts —This type is found m the common 
housefly and other nonbloodsuckmg Muscidae as well as m 
certain other families of the Diptera In these, the labiwri is 
modified into a fleshy, elbowed, and retractile proboscis, the end 
of which consists of a pan of laige spongehko organs, the lobelia 
(Fig 209) These are traversed by a senes of tubular channels, 
the pseudotracheae , opening by a nanow slit along the exposed 
side The food channel is foimed by the labium, epiphaiynx, 
and hypopharynx The mandibles are lacking, and the maxillae 
are modified into a pan of maxillaiy palps Most insects with 
mouth parts of this type are unable to penetrate either plant 
or animal tissue, but there are some species m which the cleft 
between the labellar lobes is aimed with several rows of small, 
sharp prestomal teeth with which tissue may be injured by a 
rasping action The skms of animals are often lacerated by 
insects equipped with prestomal teeth, but the mechanism is not 
known to be used by any plant-feeding species 
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When feeding on liquid mattei, the pseudotiacheae are bi ought 
into contact with the liquid and aie filled by capillaiy action 
The pseudoti acheae all converge at a single point neai the mouth 
of the food channel, and fiom this point the liquid is sucked into 
the esophagus In feeding on solid mateiial the labellum is 
placed on the food, and the liquid contents of the ciop are 
regurgitated along with salivaiy secretions This liquid dis¬ 
solves the solid mateiial and is again sucked m with the newly 
dissolved food 

This habit of regurgitation is of consideiable significance m the 
dissemination of pathogenic imcrooigamsms It has been shown 



Fjg 209 —Head and mouth paits of the common housefly (Musca du?nestica ) 
A, lateial view of head with pioboscis extended, B, anteiodistal Mew of pioboscis 
showing the pseudotracheae ( b) leading to the apeituie (a) which leads to the 
food channel (fm) that lies between the labium and the hyp°pliaiynx (After 
Snodgrass ) 

that the liquid contents of the ciop of ceitam species of fly contain 
large quantities of viable baetena among which pathogenic 
species are frequently found It would be difficult to conceite 
of a more effective method of distribution of these microorganisms 
by insects than the one piovided by this method of feeding, and 
there is considerable evidence that insects of this type aie 
important vectors of several plant diseases 

5 Siphoni n g Mouth Parts—The mouth parts of moths and 
butterflies are of the siphoning type Only m rare cases are they 
able to penetiate plant oi animal tissue Such mouth paits aie 
highly specialized for feeding on liquid food (Fig 210) The 
labium and the mandibles are usually absent or very greatly 
reduced, and the labium occurs only as labial palps The 
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proboscis is foimed by the two maxillae, the galeae of which aie 
greatly elongated, each with a channel along ihs umei surface 
The two grooved galeae are held logoi hoi by hooks and inter¬ 
locking spines, loaning a long tubulai pioboscis though which 
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Fit* 210 —The siphoning mouth parts of a moth 01 butterfly 4, a side view 
of the head with pioboscis partly <oiled, B , a cioss sec (ion of (he piobosc is show¬ 
ing the light and left galeae locked togethei to form a food (hinnel Insects 
with siphoning mouth paits do not make wounds in plant tissue but may act as 
vectors foi plant xjathogens that infect thiough the floral oigans ( 1 flu Mitcalf 
and Flint ) 


liquid foods aie imbibed When not m use, the pioboscis is 
coiled up like a watch spring In feeding, it is uncoiled, and the 
tip is inserted into a liquid food such as the nectar of flowers 
The siphoning mouth parts are characteristic of adult Lepidoptei- 
ous insects (moths and butterflies) The larvae of these insects 
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(cateipillais), however, usually have mandibulate mouth parts 
adapted to chewing 

Insects with siphoning mouth parts act as vectors of plant 
diseases chiefly as a result of their legular visits to flowers m 



Fig 211 —The mouth parts of the honeybee Ventral aspect shoeing the 
giooved glossa (g) with the teimmal spoonlike labellum (lb) In feeding posi¬ 
tion, the labial palpae (Ip) covei the grooved glossae, foiming a suction tube 
through which the nectar passes The labellum serves as i spoon to lap the 
nectar from relatively inaccessible places (After Folsom and Tf ardle ) 


seaich of nectar The pathogens disseminated aie those which 
find the flowers a favoiable place for infection, and the inoculum 
is disseminated mechanically without wounding m all the known 
cases The inoculum usually adheres to the setae or other 
bristlelike processes that serve also for the transfei of pollen 
grams 
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6. Chewing-lapping Mouth Parts —The honeybee and ceitam 
othei species ol Hymenoptei ous insects have complicated mouth 
parts i ©presenting a combination ot the chewing type and a 
lapping tonguehkc stmctuie (Fig 211) The labium and man¬ 
dibles aie of the chewing type but aie used moie as tools m 
piocessmg food than m feeding The labium, howevei, has been 
modified to foim a lapping tonguclike proboscis, the glossa 
This stiuctuie is deeply giooved and densely coveied with hans 
except at its base, teimmatmg m a small spoonlike lobe, the 
labellum There seems to be a difference of opinion as to how 
these structures aie used m feeding, piobably, they aie used m 
different ways Easily accessible liquid foods are sucked into 
the mouth through a tempoiaiy food channel foimed by the 
glossal tongue of the labium and the two labial palps If the 
food is less accessible, suction is aided by a Lapid lapping move¬ 
ment of the glossal tongue In any case, the insects with mouth 
paits of the type represented by the bees, like those with siphon¬ 
ing mouth parts, aie concerned chiefly with mechanical dis¬ 
semination of inoculum that infects the floial oigans They 
make no wounds in the plants that are of importance m infection 
Certain other Hymenoptei ous insects, such as the sawfhes, have 
mandibles adapted for chewing and make wounds of various 
types on plant tissue This is especially true of many of the 
Hymenopterous larvae 

THE SALIVARY GLANDS 

Piactically all insects are equipped with a pair of salivary 
glands generally located m the thoiax, one on eithci side of the 
fore-mtestme (Fig 2066) The ducts from the two glands unite 
to foim a common salivaiy duct with an opening between the 
labium and the base of the hypophaiynx Theie is often a 
saclike sahvary reservoir opening off the salivaiy duct 

Relatively little is known about the exact functions of the 
sahvary secretions, but they aie known to vary consideiably m 
the different kinds of insect Then close association with the 
mouth parts obviously indicates that they are concerned m some 
way with the act of feeding In the case of a number of plant- 
sap-suckmg insects, it has been shown that the saliva possesses 
diastatic action, converting starch into soluble sugars There 
is some evidence that the saliva has a solvent action, also, on 
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other cell constituents Since the food canal is extremely small, 
often less than 1 oi 2 microns m diameter, a low viscosity of the 
sap and the absence of occluding particles would be decidedly 
advantageous In many sucking insects, a so-called “setal 
sheath J? is formed around the embedded setae This is thought 
by some to be largely of salivary origin and by its nature seals 
the opening, making it airtight, and increases the efficiency of 
the sucking operation 

The salivaiy glands appear to be m some way associated with 
the biological tiansmission of plant viruses by insects, but the 
exact natuie of the association is not clearly undei stood Inas¬ 
much as the mouth parts of the pieicing-suckmg insects do not 
permit of the xeguigitation of ingested plant sap, the virus 
particles ingested with the sap apparently find then w ay through 
the insect’s body, accumulate m the salivary glands and are 
transmitted to healthy plants m the salivary secretions 

The salivary secretions of many insects are distinctly toxic 
to plant tissues, whereas those of other species apparently are 
harmless The natuie of the toxicity is not known, but it 
expresses itself m a variety of ways A relatively large group 
of pathological effects, involving local injury or general physio¬ 
logical disturbances, is caused by insects that inject their salivary 
secretions into the plants For a more complete discussion of 
this aspect of the problem, see Chap V 

THE ALIMENTARY CANAL 

The alimentaiy tiact of the vectoi is involved to some extent 
m practically all cases of insect tiansmission of plant diseases, 
except m those consisting of simple mechanical distribution of 
inoculum When transmission is biological, there is often a 
symbiotic relationship m w T hich the alimentary canal and its 
appendages are structuies of vital importance Striking ana¬ 
tomical modifications of the digestive tract often occur as a 
result of symbiosis with microorganisms A knowledge of the 
stiucture and function of this oigan, therefore, would appear to 
be necessary for fundamental study of insect transmission of 
diseases Insects of many different species legularly ingest 
quantities of inoculum of plant pathogens Relatively little 
is known of the fate of the ingested inoculum and its significance 
m the spread of the disease concerned In the following pages, 
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a brief description of the digestive system of insects will lie given, 
with particular ieieicn.ce to those structuies and functions which 
are potentially ol significance in disease transmission 

The ahmentaiy canal oi insects is essentially a tube It may 
be straight, 01 variously looped il its length exceeds that of the 
body It is functionally a device lot holding food m close 
contact with digestive and absoiptive suiiaees, having at one 
end a special oigan of ingestion and at the other an organ of 
egestion The digestive canal is composed of three primary 
divisions (1) the stomodaeum, or lore-intestine, (2) the mesentc7on 
(ventriculus ), or mid-intestine, and (3) the proctodaeum, or hmd- 



Fig 212 —A diagrammatic and conventionalized aluncntaiy canal of an 
insect showing the usual subdivisions and typic al outgi owl hs Stom, stomod leum, 
Mth, mouth, BuC, buccal cavity, Phy , phaiynx, Ci, uop, Pvcnt, piovcntnculus 
Merit, mesenteron, GCa, gastnc caecum, Cai, cudix* valve, Vent , vontiiculus, 
Proc, proctodaeum, Mai, Malpighian tubules, Pij, pylonc valve, AInt, antenoi 
intestine, II, ileum, Cln, colon, Red — Pint, postenoi intestine ot lectum, An, 
anus (After Snodgrass ) 

intestine These divisions aie usually separated by valvehke 
structures, the one separating the stomodaeum from the meson- 
teion being known as the stomodacl , oi ccudtac valve, and the 
one between the mesentoion and the proctodaeum, the piodo- 
daeal , or pylonc valve (Fig 212) 

1 The Stomodaeum—-The stomodaeum, or foie-mtestme, is 
of ectodermal origin and is formed m the embryo as an invagina¬ 
tion from the outside The stomodaeum, therefore, is lined with 
cuticula of the same origin as that of the cxoskeleton This 
cuticular lining is cast out and renewed each time the insect 
molts, a fact of considerable significance m a study of the pos¬ 
sible survival of microorganisms in the insect body during 
metamorphosis 

In its simplest form, the stomodaeum is little more than a tube 
connecting the mouth with the mesenteron, but m most insects 
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it has become differentiated into three regions, the pharynx, the 
crop , and the proventnculus In addition, an undifferentiated 
section between the pharynx and the crop may serve as an 
esophagus In some insects, the section just within the mouth 
proper is distinguished trom the mouth as the buccal cavity The 
primary functions of the stomodaeum are largely mechanical, 
but some digestion often takes place m the crop where the food 
is subjected to the salivaiy enzymes as well as to gastnc juices 
that flow forward from the mesenteron 

The buccal cavity is the oral part of the stomodaeum and 
usually is not differentiated sharply from the pharynx In ants, 
there is a well differentiated mfiabuccal chamber m the form of a 
spheioidal sac opening mto the mouth cavity by a short con¬ 
stricted canal (Fig 35) This chamber is used as a repositoiy 
for any solid material ingested by the ant with its liquid food 
The accumulated residue is thrown out as a compact pellet It 
has been show n by Bailey (1920) and Leach and Dosdall (1938) 
that these mfrabuccal pellets often contain viable fungus spores 
and that ants are by this means potential vectors of plant 
diseases The mfrabuccal chamber is used also by the fungus- 
cultivatmg ants tor transporting cultures of the fungus when 
new colonies are established 

The pharynx lies just behind the buccal cavity, wnth strong 
dilator muscles attached to its wmlls In insects with piercmg- 
suckmg mouth parts, the pharynx is a highly developed pump, 
or sucking device, by means of w r hich the liquid food materials 
are ingested 

The esophagus is merely a narrow section of the stomodaeum 
between the pharynx and the crop It has no function othei 
than the conduction of food to the crop 

The crop may consist of a simple enlargement of the postenoi 
legion of the esophagus, but m some insects it occurs as a lateial 
diverticulum of the esophagus The diverticulum usually forms 
a simple sac, but m the Diptera it takes the form of a long slender 
tube with a bladderlike enlargement at the end (Fig 213) The 
primary function of the crop is that of food storage Most 
insects feed excessively when food is available, storing the excess 
food m the crop to be passed later mto the ventnculus for diges¬ 
tion There is evidence, however, that some digestion also takes 
place m the crop through the agency of salivary enzymes and 
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digestive fluids that flow foiwaid into the ciop fiom the vcntnc- 
ulus Theie is no conclusive evidence that enzymes are 
secreted by the walls of the stomodaeum oi that an appiecuble 
amount of absoiption takes place Lhiough them 
The contents of the ciop of the Diptcia aie usually liquid and 
contain laige numbeis of bactena and othei miciooiganisms that 
play a pait m the digestion of the food This is leguigitated 
along with salivary secretions when the insect is feeding on solid 
01 semisohd matenal The leguigitated liquids dissolve the 



Fig 213 —The alimentaiy canal and its appendages of the apple maggot fly 
(Rhagoletis pomonella) showing the diveiticulai ciop chaiactenstic of the Diptera 
The liquid food m the ciop usually contains quantities of living miciooiganisms 
In feeding, the fly frequently regurgitates the contents of the crop, a habit that 
is conducive to the spread of pathogenic miciooiganisms Oe , esophagus, Cat , 
cardiac valve, SID , sahvaiy duct, SIGl, salivaiy glands, Cr, aop, Mai, Malpighian 
tubules, Vent , ventuculus, AInt , antenoi intestine, Rut, rectum (After 
Snodgrass ) 

food materials and arc then reingesied In this way, the surfaces 
fed upon are contaminated with whatevei microoigamsms aie 
piesent m the ciop The soft-iot bactena and the spoxes of the 
ergot fungi aie disseminated m this way by sevcial species of 
% 

The 'proventnculus is the terminal region of the stomodaeum, 
and its structure and function vaiy m diffexent insects In its 
simplest form, it is a narrow tube moie oi less mvagmated into 
the anterior segment of the mesenteron, forming the cardiac 
valve that serves to regulate the passage of food from the crop 
into the ventnculus The structure is somewhat more compli¬ 
cated m chewing insects that feed on solid material The walls 
are often heavily sclerotized and armed with toothlike spines 
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that serve to hold the food particles in the ciop without com¬ 
pletely closing the entrance into the ventnculus In this way, 
the digestse fluids of the ventnculus may flow forward into the 
ciop and paitly digest the food before it enters the mesenteron 
In some insects, there is evidence that the pioventnculus also 
selves as an organ for further trituration of the food, a so-called 
“gizzard” or “chewing stomach ” 

2 The Mesenteron —The mesenteron, oi mid-mtestme, is 
the middle segment of the ahmentaiy canal and is the pnncipal 
digestive organ of the insect It is often called the ventnculus 
It is generally m the form of a long tube of uniform diameter and 
is usually not differentiated into distinct regions In some 
insects, as m the muscoid Diptera, the antenoi portion is dif¬ 
ferentiated into a flat cncular legion containing the cardiac vahe 
and sepaiated from the lest of the mesenteion by a constriction 

The pnmary functions of the mesenteron are digestion and 
absoiption The epithelial layei of the walls of the mesenteion 
is much thicker than that of the stomodaeum It is composed 
of large columnar cells of irregular length with ends projecting 
into the lumen These are the digestive cells that secrete the 
digestive fluids and probably also absorb the digested foods In 
some insects, there are two kinds of epithelial cell specialized foi 
these two functions The digestive cells are relatively unstable 
and are constantly disintegrating and being regenerated The 
epithelium of the mesenteron is of endodermal origin and is not 
cast out when the insect molts 

The food contents of the mesenteron of many insects aie 
enclosed and separated fiom the epithelium by a thin trans¬ 
parent membrane knowm as the pentiophic membane , the func¬ 
tion of which is somewhat obscure It is usually interpreted as 
a chitmous mtima of the mesenteron secieted by the epithelial 
cells In the Diptera, it is the product of a ring of specialized 
cells encn cling the caidiac valve The membiane is permeable 
to the digestive fluids and to the digested food materials 

Blind pouches, or caeca, varying m number and shape are 
formed frequently as evagmations of the walls of the mesenteron 
They most commonly originate at the anterior end near the 
cardiac valve but often anse from other parts, and m some species 
there may be several sets of caeca arising from different sections 
of the ventnculus (Fig 214) The functions of these gastric 
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caeca differ m different insects In cei tain insects, they aie 
apparently secietoiy oigans, but m othois they act; as icceptacles 
foi congenitally tiansnntted symbiotic miciooigamsms, Glasgow 
(1914), Buchner (1930), and otheis have studied the caeca and 
then enclosed symbiotic miciooigamsms In the Iieteioptcra, 
the caeca with then symbiotic bactena are especially common 
These stiuctuies have assumed a position of impoitance m the 
study ol insects m xelation to plant diseases Relatively little 
is known of the identity and function ol the symbiotic micro¬ 
organisms, but m several instances the cae< a aie known to harboi 
plant pathogenic species The gastaic caeca and then symbiotic 



with three sets of gistnc caeca ( IGCa , 2 GCa, and ICrCh) The gastnc caeca 
usually seive as reservoirs of symbiotic micioorgimsm which m some insects are 
plant pathogens Oe, esophagus, Mai , Malpighian tubules, Alnt, anterior intes¬ 
tine, Pint, posterior intestine, rsc , rectal sac, red, rectum (After Snodgrass ) 

microorganisms should be studied more thotoughly from this 
viewpoint For a more complete discussion ol the question, see 
Chap III 

The epithelial cells ol the laival mesenteion aie cast off and 
lenewed by a layer of legeneiative cells dmmg metamorphosis 
It is of interest to recall that, despite this renewal, baetena may 
suivive m the mesenteron of ceitain dipteious insects duimg 
pupation and ensure the contamination of the newly emerged 
imago (Leach 1933) 

A striking modification of the ahmcntaiy canal occurs m the 
Homoptera, producing a stiucture known as the Jilten chamber 
(Fig 215), formed by two distant parts of the digestive canal 
which are closely applied to each othei and bound m place by a 
sheath of connective tissue The parts bound together to form 
the filter chamber are usually the two ends of the mesenteron, 
often including also the anterior end of the pioctodaeum The 



THE ANATOMY AND PHYSIOLOGY OF INSECTS 469 

Homoptera are chiefly insects that feed on plant sap and, m older 
to get an adequate supply of the necessary nitrogenous food 
materials, usually ingest a gieat excess of v ater and soluble 
carbohydrates The filter chamber is a device to permit the 
rapid elimination of the excess water and sugars vhich diffuse 
directly from the anterior region of the ventnculus into the 
proctodaeum, the nitrogenous and fatty foods being retained m 
the ventnculus for digestion and absorption The sugai solu¬ 
tions eliminated m this way form the so-called “honeydew” 
commonly produced by many homopterous insects 



Fit, 215 —The filtei ehambei of Homopteia A, B, and C, thiee types of differ¬ 
ing degiees of complexity (After Snodgrass ) 

The honcydev, being rich m sugars, is a good medium for the 
giowth of microoigamsms and is concerned m the development 
of a numboi of injurious plant diseases The so-called “sooty- 
mold” diseases are caused by fungi growing m honey dew that 
falls upon the leaves The fungus giowth is often so heavy that 
it mterfeies with the normal functions of the leaves, gieatly 
injuring the plant Theie is no evidence to show that the honey- 
dew from viruliferous insects is of importance m the tiansfer of 
virus diseases The virus particles apparently are unable to 
diffuse thiough the membrane of the filtei 

3 The Proctodaeum.—-The proctodaeum, or hmd-mtestme, 
like the stomodaeum, is of ectodermal origin, and its epithelium 
is cast out and renewed each time the insect molts In its 
simplest form, the pioctodaeum is a plain tube connecting the 
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mesenteion to the anus, but m most insects it is differentiated 
into seveial distinct legions The point of union between the 
mesenteion and the pioctodaeum is usually somewhat con- 
stucted, foimmg a pyloric value that regulates the flow ol materials 
from the mesenteion The pyloric valve is generally of procto- 
daeal origin although, m some insects, it may be supplemented 
by a valve composed of mesenteric tissue, known as the ventric¬ 
ular valve 

Two mam divisions of the pioctodaeum usually are recognized 
the antei lor intestine , and the posterior intestine , 01 rectum The 
former may be differentiated further into two regions on the basis 
of structure, these being separated by a const net ion of the intesti¬ 
nal wall The antenor segment is known as the ileum and the 
posterior as the colon The pnmaiy function of the proctodaeum 
is to convey the residual products of digestion and the other 
waste products to the extenor, it is believed by some workers, 
however, that some absoiption of foods takes place through the 
ileum Absorption through certain modified legions of the 
proctodaeum of the termites appears to be the rule 

The Malpighian tubules empty into the antenor intestine near 
the pyloric valve These are long, slendei, blind tubes formed as 
diverticula of the proctodaeum and serve as excretory organs 
They are immersed m the blood fiom which they remove the 
waste products of metabolism, especially urates and related 
compounds In the larvae of some insects, the Malpighian 
tubules are modified to seciete a substance that is spun into silk 
threads with which the cocoon is woven In othei species, these 
organs function as caeca and harbor symbiotic microorganisms, 
The number of Malpighian tubules varies from 2 to moie than 
100 m different species of insects 

The posterior intestine, or rectum , is that portion of the intestinal 
canal immediately preceding the anus It is composed of a 
dilated rectal sac and a narrow segment leading directly to the 
anus The rectal sac is sometimes asymmetrically expanded into 
a rectal caecum On the interior walls of the rectum are found 
six or sometimes three rectal pads, or “glands ” They aie out¬ 
growths of the rectal epithelium composed of long columnar cells 
giving rise to protuberances into the lumen The function of 
the rectal pads is not definitely known Both secretory and 
absorptive functions have been attributed to them by different 
workers 
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ORGANS OF REPRODUCTION 

The reproductive organs of insects often are concerned directly 
m the transmission of plant diseases They may be involved 
when the disease-producing agent is tiansmitted congenitally 
from one generation to the next m the vector or when the plant 
is inoculated by the vector m the act of oviposition Insects, 
with very few exceptions, are bisexual, the male and female 
germ cells occuirmg m separate individuals, but, m certain 
species, males are rare or absent, and parthenogenesis is not 
uncommon Since the male reproductive organs are rarely 
involved m the transmission of plant diseases, they are not 
included m the following discussion 

The majority of insect species are oviparous, i e , the eggs 
hatch after oviposition There aie, however, many species m 
which the eggs hatch within the body of the female just before 
oviposition and the young are extruded as larvae 01 nymphs 
This is called ovommparous reproduction True viviparous 
reproduction occurs only m a few species, if at all The method 
of embryonic development m the so-called viviparous reproduc¬ 
tion of insects is fundamentally different from the viviparous 
reproduction of higher ammals Yet, m some species of insects, 
the young undergo extensive development within the body of 
the mother insect For example, the larvae of the tsetse fly 
complete their development within the body of the female and 
pupate immediately after birth, being nourished before birth by 
the secretions of special glands 

Both oviparous and ovoviviparous reproduction occur m the 
Aphididae In this family, ovovivipai ous repi oduction is usually 
parthenogenetic, the embryos developing m the egg tubes of the 
ovaries and being extruded as active nymphs In oviparous 
reproduction, the spermatozoa are stored m a receptacle of the 
female (the spermatheca ) at the time of copulation, and the eggs 
are fertilized individually as they aie extruded fiom the oviduct 
The embryo, therefore, develops outside the body of the female 

For convemence, the reproductive organs may be considered 
as composed of two parts, the internal genitalia and the external 
genitalia The former harbor the germ cells, provide for their 
nutrition and development until they are ready for feitilization, 
and secrete the chorion , or shell They also include devices for 
storing the sperm and ensuring fertilization as well as glands for 
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secreting a protective mafnx that coveis the eggs, and they dis- 
ehaigc the eggs hom the body at the piopei time The external 
genitalia provide means tor t he < opulation of the sexes and include 
special stmctuies that enable the female to deposit the eggs in a 
suitable place foi then subsequent development and survival 
The internal genitalia of the female ate made up of the following 

essential parts (1) a pan of 
ovaries, (2) two lateial oviducts 
arising fiom the ovanes and 
converging into (3) a median 
oviduct, (4) a genital chamber, 
or vagina, (5) seminal receptacle, 
oi sperrnatheca , in which the 
sperms are stored, and (6) a pan 
of a( ccs,so/ 1 / glands (Fig 216) 
The ovaries usually consist of 
two gioups of tapenng tubes, 
the ovarioles, the number of 
which vanes greatly m different 
species, four, six ox eight m 
each ovaiy being the most com¬ 
mon although they may be 
more numerous m certain 
groups The geim cells are 
generated m the apex of the 
ovariole m the region known as 
the germanurn situated ]ust 
below the terminal filament 
The germ cells pass into the 
larger part of the ovariole 
called the vilellanum where 
they are nourished by specialized nutritive cells and are trans¬ 
formed successively into oogoma and oocytes and into the fully 
developed but unfertilized egg The epithelial layer of the wall 
of the vitellarium is composed of follicle cells that enclose each 
oocyte m a definite sac, or follicle These cells seciete the chorion , 
or egg shell, and when no nutritive cells aie present, they also 
nourish the developing oocyte 

Three general types of ovariole are recognized on the basis of 
the method of oocyte nourishment When there aie no special 



Fig 216—The stiuctuie of the 
female leproductive oigans of an in¬ 
sect Lg, ovanal ligament, Ov, ovaiy, 
Ovl , ovariole, Clx r calyx, Odl , lateial 
oviduct, Ode , median oviduct, Gpr , 
gonopoie, Spt, spci mathcca, SptGl , 
spermathecal gland, AcGl , accossoiy 
gland, GC\ genital chamber (vagina) 

(After Snodgrass ) 
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nutritive (nurse) cells, the ovanole is panoistic, when the nutritive 
cells are present, the ovanole is meroistic In the panoistic 
type, the nourishment is elaborated by the follicle cells and is 
absorbed directly by the oocyte In the meroistic type, there 
are special nutritive cells that nourish the oocytes by an active 
passage of the plasmic contents of the nurse cells into the cyto¬ 
plasm of the oocyte In the meroistic type, the nutritive cells 
may be arranged alternately with the oocytes (polytrophic) or 
they may remain m the upper part of the egg tube, retaining 



Fig 217 —Three different types of ovanole based on the method of oocyte 
nounshment A, panoistic type, B, polytiophic type, C, acrotrophic type, 
D, upper end of acrotrophic ovanole of Pseudococcus The method of egg forma¬ 
tion and nourishment is of importance m the study of congenital transmission of 
plant pathogens by insect vectois Ooc, oocyte, NrCls , nurse cells, ns, plasmic 
strand (After Shmji, from Snodgrass ) 

connection with the oocytes by long piotoplasmic strands ( acro¬ 
trophic ) (Fig 217) 

The natuic of the nourishment of the oocytes is of particular 
interest because m cases of congenital transmission of symbiotic 
microorganisms the actual transmission occurs at this stage 
“ Infection ” or contamination of the developing egg often takes 
place through the nurse cells or by direct invasion of the oocyte 
The process has been described by Brain (1923), Granovsky 
(1929), and others The pioblem of congemtal transmission of 
viruses by the insect vector has assumed renewed importance 
by the proof of such transmission of the virus of the dwaif 
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disease of nee m the insect vector Nephotettix apicalis Since 
some vnuses aie tiansmitted thiough the egg and othexs aie not, 
this stage of insect iepioducUon will be of cntical significance 
m a study of insect transmission of vnuses 

The two lateial oviducts aie ducts into which all the ovanoles 
conveige and into which they empty then eggs In some species, 
the lateial oviducts aie distended into laige pouches (egg calyx) 
for temporary stoiage of eggs 

The two lateial oviducts unite to foim the median oviduct 
which opens into the vagina through a constricted opening, the 
gonopone The gonopoie icgulates the disehaige of the eggs fiom 
the oviduct into the vagina 

The vagina is a cavity foimcd by an invagination of the body 
wall and has a chitmous lining It functions as a copulatory 
pouch during mating and is sometimes known as the bursa 
copulatrix It is continuous with the median oviduct, and the 
spermatheca opens into it doi sally neai the antenoi end The 
external opening of the vagina is the vulva and serves both foi 
copulation and for the discharge of the eggs 

In some insects, the buisa copulatnx provides a place 
for the development of symbiotic mieiooigamsms that aie 
congenitally transmitted by infecting the eggs as they pass out m 
oviposition (Buchner, 1930) In othei species, the vagma and 
the rectum converge so that the postenoi legions of the vulva 
and the anus are essentially identical This modification has 
been shown, by Buchnei (1930) and others, to be an adaptation 
to ensuie the contamination of the eggs with symbiotic micio- 
orgamsms from the intestinal tract In insects with this modifi¬ 
cation, the micioorgamsms usually aie harboied m a numbei of 
irregular pouches m the dorsal wall of the icctum The egg m 
passing thiough the oviduct pi esses against the pouches and 
forces the microorganisms out onto the suiface of the egg This 
condition is well illustrated by Dacus oleae and its symbiotic 
bacteria described m Chap VI (Figs 88, 89, and 90) 

The spermatheca is a receptacle for storage of the sperms received 
during copulation The sperms are ejected from the spermatheca 
upon the eggs as they pass from the oviduct It is primarily an 
invagination of the ectodermis and is lined with chitm It is 
essentially a single organ but may be variously branched It is 
usually saclike and is connected with the vagina by a slender 
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tube A spermathecal gland is usually associated with the 
spermatheca It is formed as a diverticulum of the spermathecal 
duct and secretes a fluid m which the sperms are discharged In 
some species of insect, symbiotic microorganisms are found m 
the spermatheca along with the sperms, and congenital trans¬ 
mission is affected by contamination of the egg at the time of 
fertilization (Buchner 1930, Mansour 1934a) 

The accessory glands are paired structures opening into the 
vaginal chamber through its dorsal wall The glands usually 
a c e 
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Flu 218 —The ovipositor of Rhagoletis pomondla , the apple maggot fly 
The shaip point of the ovipositor makes a puncture through the skin of the 
apple thiough which the eggs are inserted Along with the eggs aie inserted 
pathogenic bacteria that cause a decaj- of the upe fruit and that also aid m the 
nounshment of the larvae See Figs 92 and 93 A, lateral view of extended 
ovipositor, B , vential view , a , seventh abdominal segment, b, pleural membrane, 
c, basal sheath, d, distal sheath, e, ventral process, /, dorsal process, g, opening 
of cloaca, h, vential gioove, i, lateral groove (After Dean ) 

secrete an adhesive substance for attaching the eggs to the sub- 
stiate or for gluing seveial eggs togethei m a single mass They 
are often called colletenal glands In the stinging Hymenoptera, 
one of the accessory glands secretes the toxic substance associated 
with the stinging apparatus 

The external genitalia of the female insect consist of structural 
adaptations for the deposition of eggs Collectively, they con¬ 
stitute the ovipositor and are derived from appendages of the 
eighth and ninth abdominal segments (Fig 218) The ovipositor 
enables the insect to deposit her eggs m the most suitable place 
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for hatching and for the subsequent development of the larvae 
This oigan is of paiticulai mteiest to the student of insect trans¬ 
mission because it is used by many insects lot nisei ting eggs into 
the tissues of plants (Fig 90) The wounds made in oviposition 
are frequently the avenues of infection of plant pathogens The 
oviposition wounds aie especially important when the insect is 
also an agent of dissemination of the inoculum The oviposition 
wounds made by the snowy tree cricket and by the apple-maggot 
fly function m this way (see Chaps VI and VII) In many 
insects, the ovipositor is absent or gieatly reduced, and the eggs 
are extruded and attached to smooth suifaces 01 introduced into 
naturally occurring cracks or crevices 

The size and shape of individual parts of the ovipositoi vary 
greatly with different species according to the place of oviposition 
and the work to be done by the ovipositoi In most of the species 
that insert their eggs mthc tissues of plants, the parts are provided 
with sharp sclerotized points that are well adapted for making 
the necessary punctures There are some insects, however (as 
the Cerambycidae), which make the necessary puncture with 
their mouth parts after which the eggs are nisei ted with the 
ovipositoi 
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CHAPTER XIV 


THE INOCULA OF PLANT PATHOGENS IN 
RELATION TO INSECT DISSEMINATION 

Plant pathogens pioduce many kinds of inoculum which are 
disseminated m many diffeient ways A considciation ol the 
various kinds ol inoculum and then adaptability to insect 
dissemination is helpful m a study ol the iclation of insects to 
plant diseases Some kinds of inoculum aie well adapted to 
wind dissemination, and otheis seem to be pooily suited foi 
dispersal by wind but especially adapted to insect dissemination, 
still otheis may be adapted to dissemination by water or othei 
agencies With increasing knowledge of the methods of spore 
dispersal m fungi, it is even more evident that the vanous 
specialized methods of spore formation and liberation are very 
closely correlated with some equally effective means of dis¬ 
semination The nature and method of production of inoculum 
by a pathogen usually indicates clearly its most frequent method 
of dissemination and often leads to a better understanding of 
the disease 

Inoculum may be defined as that part, or developmental stage, 
of a pathogen capable of initiating a disease when placed upon 
the infection court under the proper environmental conditions 
Spores of fungi and vegetative cells of bacteria aie the most 
frequently observed units of inoculum although other structures 
may sometimes function Inoculum may have important func¬ 
tions other than the initiation of a disease Dissemination of 
the pathogen from place to place is one function, and conse¬ 
quently inoculum is usually composed of very small units that 
are easily disseminated by vanous agencies Survival during 
periods of unfavorable environment and subsequent reproduction 
is another important function of inoculum Therefore, much 
inoculum consists of units that are resistant to various unfavor¬ 
able conditions such as desiccation, bright sunlight, and high or 
low temperatures A third important function is that of multi- 
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plication Very rapid multiplication is accomplished by the 
production of extremely large quantities of inoculum by a single 
individual 

Plant pathogenic fungi may reproduce either sexually or 
asexually Some of those which reproduce sexually are homo- 
thallic, both male and female gametes being produced on the 
same mycelium Others are heterothalhc, each individual form¬ 
ing only one kind of gamete Heterothalhc plant-pathogenic 
fungi usually produce spores which on germination give rise to 
haploid mycelium that must fuse with another mycelium of 




Fig 219 —A diagram of the three moiphological groups of the tiue bacteria 
A, Coccus type, B, Bacillus type, C, Spirillum type, Z>, bactenal spores Prac¬ 
tically all the plant pathogenic bacteria belong to the Bacillus type Spores are 
of very little significance as inoculum in bacterial diseases of plants The 
vegetative cells constitute the principal inoculum (After Heald ) 


complementary sex before completion of the entire life cycle 
Thus spores may, m some cases, serve as gametes as well as 
inoculum 

The most impoitant plant pathogens fall within the following 
four groups (1) bacteria, (2) fungi, (3) protozoa, and (4) filterable 
viruses The mocula of the different groups will be discussed 
separately 

Bacteria—The morphology of the plant pathogenic bacteria 
is relatively simple, and only a few different kinds of inoculum 
are produced (Fig 219) The vegetative cells of bacteria con¬ 
stitute the most common inoculum, only a few less important 
bacterial plant pathogens produce spores although many species 
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of bacteria that are not pathogenic to plants pioduce them 
abundantly Some of the plant pathogenic baetena aie said to 
have a filteiable stage m which the oiganisms suivive in units of 
submicroscopic size, but the significance of this stage of the 
baetena, as inoculum, is not well known 

From the standpoint of size, the bactenal cell is well adapted 
to insect dissemination An avciage cell of the bacterial plant 
pathogens would measuie less than 1 micion m width and not 
moie than 2 microns m length, being small enough to pass readily 
thiough the mouth paits of practically all plant feeding insects, 
even those with special stiuctuies for screening out solid mate¬ 
rials The size of the food channel of the small sap-sucking 
Homopterous insects is not a limiting factor, foi it is raiely, if 
ever, less than 1 mieion m diameter and is usually much 
laigcr 

The vegetative cells of plant pathogenic baetena are variable 
m their resistance to unfavorable environmental factors, but 
they are more haidy than their simple structure and the lack of 
resistant spores would lead one to expect Almost all plant 
pathogenic bacteria develop m an exudate oi ooze composed 
partly of the plant sap and partly of products of bactenal metab¬ 
olism (Fig 67) It has been shown m numerous cases that the 
exudate has a decided protective effect on the bactenal cells 
This is especially true in lespect to desiccation When they are 
subjected to dry conditions, the exudate surrounding the indi¬ 
vidual cells acts as a hydrophilic colloid having a high water¬ 
holding capacity that prevents injury by excessive desiccation 

Bactenal exudate is usually of a sticky consistency so that it 
adheres readily to the body of insects coming m contact with it 
In this way, baetena are disseminated on the exoskoloion of the 
insects and are not m danger of being destroyed by desiccation 
Moreover, bacterial exudates often give off odois attractive to 
insects, and many exudates have much food value and aie 
eagerly ingested by insects These proper ties aie all conducive 
to the frequent dissemination of bacterial plant pathogens by 
insects 

The fate of bacteria ingested by insects has not been extensively 
studied However, the available evidence shows clearly that it 
is not always the same for all Some bacteria are killed and 
digested m the alimentary canal of insects, others are more 
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resistant and survive, to be passed out m a viable condition m 
the excieta, still others aie adapted to life m the insect body 
wheie they giow and multiply It has been demonstrated that 
seveial species ol bacteria that are pathogemc to plants are able 
to survive passage through the intestinal tract of their insect 
vectois Erwima carotovora and the seed-corn maggot, E 
amylovora and fruit flies, E tracheiphila and the cucumber beetle, 
and Phytomonas savastanoz and the olive fly are a few of the 
better known examples of bactenal plant pathogens that survive 
passage thiough the alimentary canals of their respective vectors 
Although it is known that some bacteria thuve in the intestinal 
tracts of insects and others do not survive, very little is known 
about the factors that influence suivival This should be a 
piomismg field of investigation The ability to survive and 
grow m the body of insects obviously is an adaptation favorable 
to insect dissemination and is a point that should not be over¬ 
looked m the study of vectors of bactenal diseases 

Insects, m addition to disseminating the bacteria, may provide 
them with a considerable degree of protection against environ¬ 
mental conditions As pointed out m Chap III, many bacteria, 
including some plant pathogens, live m a state of mutuahstic 
symbiosis with insects, a condition that is especially conducive 
to insect dissemination Bacteria that aie adapted to survival 
m the insect’s body dui mg metamorphosis 01 hibernation have 
a distinct advantage over similar foims that are subjected to the 
moie variable and hazardous environment elsewhere 

Spores aie so rarely foimed by plant pathogemc bactena that 
it is scarcely necessary to consider them here Then small 
size and extreme resistance to the environment would make 
them well suited to either wind or insect dissemination 

Pleomoiphism is now recognized as a normal character of 
many bactena Filterable stages m which the bactena exist m 
extiemely small ultiamicioscopic particles are not uncommon 
among plant-pathogenic species It is not known that these 
filterable forms have any direct bearing on the problem of insect 
transmission, but, m examining insects for the presence of plant- 
pathogenic bacteria, failure to find visual evidence of the usual 
rod forms should not be considered as final proof of the absence 
of bacteria Tests should be made for the presence of the path¬ 
ogen m filterable form 
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When all these 1 actons aie consideiod, it is evident that 
bactenal plant pathogens have many attributes that lavor dis¬ 
semination by insects Seveial ol the most destiuctive baetenal 
plant diseases ate dependent almost entnely upon insects lor 
transmission, and insects ate known to spiead otlieis to a lessei 
extent The methods ol dissemination aie still obscuie loi many 
others Any insect that is a fairly constant visitoi to plants 
affected with bacterial diseases should be looked upon with 
suspicion 

Fungi—Three general types of inoculum are formed by fungi 
vegetative mycelium, sclerotia, and spores Vegetative myce¬ 
lium as inoculum is not particularly well adapted to insect 
dissemination It may serve as inoculum when it survives m 
seeds or plant paits used m vegetative propagation The 
mycelium m plant paits that are eaten by insects is potential 
inoculum Taubenhaus and Chustensen (1936) have shown 
that Fusayium vasmfectum , the cotton-wilt pathogen, may be 
disseminated in the fecal pellets of giasshoppeis and other insects 
that ingest infected tissues The same authors (1936), on the 
other hand, have shown that neither the spores noi the myceha 
of Phymatotnchum ommvorum survive passage through the 
intestinal tract of three species of soil-inhabiting insects Larvae 
of Phyllophaga sp and adults of Blapstmus fuscus and Harpolus 
sp were fed on vegetative mycelium and on spores of the fungus, 
but viable cultures could not be recovered from the intestinal 
contents or from the fecal pellets Insects that feed m decaying 
wood are potential vectois of vegetative mycelium that may save 
as inoculum although there has been very little study ol the 
possibility 

Many fungi form dense compact aggregates of hyphae filled 
with oil globules and othei reserve foods These stiuoturos aie 
called “sclerotia,” and they function chiefly as stoiage organs 
to aid m surviving unfavorable periods but also serve as inoculum, 
frequently being disseminated with seed or other plant paits 
Because of the large size of most sclerotia, they are poorly 
adapted to insect dissemination and must depend on other 
agencies 

Spores are the most common type of fungus inoculum There 
is a marked diversity m the kinds of spore formed, and many 
kinds are extremely well adapted to insect dissemination A 
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fungus spore consists of one to several specialized cells and serves 
as a unit of reproduction and dissemination Spoies aie usually 
resistant to the envnonment and aid m the survival of unfavoi- 
able conditions They vary m size from approximately 1 to 
200 oi 300 microns m diameter, although the majority would 
probably measuie less than 25 In size, as well as m many other 
respects, fungus spores are similar to pollen grains and are 
equally well adapted to insect dissemination 



Fig 220 —The adherence of diy spores to the body of an insect .A, a leg of 
a fly that was biought m contact with a quantity of diy fungus spoies on a glass 
slide, showing the spoies adhering to the bristles, B, a single bustle moie highly 
magnified, showing the loose attachment of individual spoies, C, a leg from the 
same fly before contact with the spores 


Spoies adhere readily to the legs, wings, bristles, and othei 
parts of the insect body Some spores are borne m a sticky 
liquid matrix that may facilitate adherence to the bodies of 
insects (Figs 43, 99, and 221), but dry spores will adheie almost 
as well This fact may be readily demonstrated by bunging 
the leg or wing of an insect m contact with dry spores ol any 
common fungus and observing it under the microscope (Fig 220) 
Not only do the spores adhere readily to the insect oigan, but 
also they may be brushed off easily The force responsible for 
the adherence of spores m this way is not clear although it may 
be m part the attraction of the thin films of watei that are 
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known to exist on ihe smface of apparently diy bodies It has 
been shown that it is not entnely a mattei ol electnc charges 
This phenomenon of adheience ol diy spot os to diy suit aces is 
discussed at some length by Hanna (1024) m connection with 
the dry-needle technique ol picking up single spoies Hanna 
demonstrated that diy spoies would adhere leadily to diy needles 
regardless of the clectucal chaige of the needle The force of 
adherence is not great, and the spores are easily dislodged What¬ 
ever the explanation may be, the ready adherence of diy spores 
to dry surfaces adds to the ease with which they are disseminated 
by insects 

Fungus spoies are notably lesistant to envnonmental condi¬ 
tions The resistance may be caused by the nature of the 
protoplasm, by a thick wall, by a hydiophilic sheath, or by a 
hydi ophilic mati ix in which they ai c boi ne Many fungus spores 
aie lesistant also to the environment found m the intestinal canal 
ol insects In the majority of cases wheie the question has been 
investigated, spoies have been found to pass through the intes¬ 
tinal tract of insects uninjured One significant exception was 
pointed out by Taubenhaus and Chnstensen (1936) who fed 
Fusanum vasinfectum to a large numbei of insects The fungus 
passed uninjured through all the phytophagous insects but did not 
survive passage thiough any of seveial mycophagous insects 
This would suggest that the digestive juices of insects which 
noimally feed on the tissues of higher plants aie less mjiuious 
to fungus spores than those of insects which commonly feed on 
fungi 

A significant relationship between insects and fungus spoies 
was reported by Schneidei-Oielli (1911), who found ihat spoies 
of the ambiosia fungus associated with Xylchorus chspa? would 
not geimmate when taken dncctly fiom the tunnels m the 
wood but germinate readily when xecoveied fiom the crop of 
the beetle It was suggested that something in the intestinal 
contents of the beetle seived as a stimulus to germination A 
period of dormancy during which spoies will not geimmate is 
common for many fungi The factors responsible foi breaking 
the dormancy are obscure Should the fungus be closely associ¬ 
ated with an insect, it would not be unreasonable to look for the 
stimulus m the insect's body Similar relationships between 
fungi and higher animals have been described by Massee and 
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Salmon (1902) and Buller (1934) m their studies of the copro- 
philous fungi Many of these fungi which are normally found 
only on dung pioduce spores that do not germinate until they aie 
eaten by animals and are passed out m the dung where they 
germinate readily and abundantly 



Fig 221 —Stmkhorn fungi A, a typical spcnophore of Dictyophora duphcata 
showing the shining black sticky mass of spoies and the lacelike \eil, B, a fly 
feeding on the sticky mass of spores of Mutmus cuitn>n The stalk of this fungus 
is blight rosy ied, the spoie mass is brown 

It is not necessary heie to descnbe the many diffcient kinds 
of spore formed by fungi as this mfoimation can be obtained 
from any standard mycological text It will be sufficient to 
consider a few examples m which the methods of spoie produc¬ 
tion and liberation show some special adaptation to insect 
dissemination 

A number of pathogenic fungi form then spores m a matrix 
that is attractive to insects Claviceps pmpurea , the ergot 
fungus, pioduces its conidia m a diop of sugary solution that is 
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eaten greedily by many insects, especially flies which also visit 
healthy flowers m sealch of pollen, thus seivmg as effective 
vectors of the fungus The sugaiy solution has a chametenstic 
odor that seems to attiact the insects These chanuteis must 
be consideied as adaptations on the pait of the fungus that 
ensuie insect dissemination of its spoies 

A similar adaptation is shown by the stmkhorn fungi, which 
produce their spores m a sticky matrix with a foul, camonhke 
odor (Fig 221) Flies are attracted to the matrix, feed upon it, 
and effectively disseminate the spores that adhere to then bodies 
The spores may pass uninjured through the digestive tracts of 
flies, and they are probably disseminated also m this way This 
adaptive relationship has been studied and discussed at consider - 
able length by Fulton (1889) and Cobb (1906, 1909) Fulton 
described the morphology and giowth habits of a large numbci 
of these fungi and made extensive obseivations and experiments 
dealing with spore dissemination by insects In concluding his 
discussion he states 

In the Phalloidei then it can scarcely be doubted that we have a group 
of fungi which have undergone great modification so as to become 
adapted for the dispersion of their spores by the agency of insects 
and especially by those which habitually affect putrid substances, and 
would therefore deposit the spores on the most suitable nidus for their 
growth It is an example of the substitution of the more certain action 
of insects for the uncertain action of the wind, just as m the case of the 
cross-fertilization of flowers, where the former agency has so largely 
replaced the latter 

The chief adaptations shown by the Phalloidei m this respect 
were summarized as follows 

(1) The formation and maturation of the spores within a closed 
volva, usually subterranean and protected largely from injury 

(2) The sudden emeigence and expansion of the leceptacle, not by the 
comparatively slow process of cellular growth, but by a mechanical 
springlike apparatus acting quickly 

(3) The freely exposed hymemum undergoing rapid mimetic changes, 
whereby putrid matters are simulated m color, consistency, and usually 
odor 

(4) The development of a striking form, and of such colors as will 
make the receptacle most conspicuous, and the production of accessory 
parts for the same purpose 
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(5) The lapidit} of the whole cycle of phenomena by which the risk 
of accidental destruction, by animals, etc , is lessened, and the effective 
dispersion of the spoies secured 

Fulton concluded his discussion with the following significant 
remaiks concerning the teleology of putrefactive odors m general 

I may finally add a word as to the importance of these observations 
that files and other insects transport living spores of fungi m relation 
to the tiansport of bacteria The teleology of the bad odors of putreiac- 
tion has, so far as I am aware, never been explained, but since these 
odors depend upon the presence of organisms, and serve to attract 
multitudes of flies, and since it is a rule m Nature that no organism 
aids another except, so to speak, with the object of ultimately benefiting 
itself, it seems to me highly probable that the odor of putrescent matter 
has been developed m relation to the visits of flies The advantage to 
the bacteria is obvious, for by the odor produced, the irregular fortuitous 
action of the wind is largely replaced by the direct purposive action of 
insects, and hence, once the odor is developed, flies will form the chief 
means of dispel sal It has been shown above that spores may retain 
their vitality during their passage through the digestive canal of flies, 
and there can be little doubt the same applied to bacteria Flies may 
thus serve to disperse not only the microorganisms associated with 
putrefaction, but also those which are the cause of certain diseases, 
such as anthrax, etc , m which the products are attractive to them, and 
since flies, apart from their own powers of locomotion, are known to be 
carried long journeys m railway trams and steamers, they may serve 
to cairy infection and spread diseases to distant places 

Cobb (1906, 1909) has elaborated on this phenomenon of spore 
dispersal by flies and has supplied additional evidence based on 
observations and experiments with I thy'phallus coralloides , a 
stmkhom fungus that he erroneously thought to be the cause 
of a root rot of sugar cane m Hawaii Cobb showed that the 
spores of this fungus were not injured by passage through the 
digestive tract of flies He showed by actual spore counts that 
a single “flyspeck” often contained as many as 22,400,000 spores 
of the fungus 

The blue-stam fungi (Ceratostomella spp ) appear to form their 
spores m a manner that makes them better adapted to dissemina¬ 
tion by the bark beetles than by any other means Both the 
comdia (Graphium) and the ascospores are produced under the 
bark m sticky solutions that make them unsuited to wind dissem- 
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mation (Figs 102, 103, and 104) The most abundant spoi illa¬ 
tion occuis in the tunnels and pupal chambers ol the baik bodies, 
the sporophoies and pentheeia ponding towaid the eentei oi 
the tunnels m such a way that the spoie masses aie m the most 
advantageous position loi coming m contact with the insects 
(Leach, On, and Chnstcnsen, 1934) 

Many Ascomyeetes libeiate then ascospores by foicibly eject¬ 
ing them fiom the asci This process has been described fully 
by Buller (1909, 1934) and others As the asci mature, they 



Fig 222 —Apothecia of Scleiotima sclcrotwvum in the ad oi discharging asoo- 
spoies by the puffing process Note the white cloud of spoies against the black 
background (After Dickson and Fishn ) 


imbibe watei and develop consideiable internal picssuio The 
ascus wall near the apex becomes soft and stick lies until it 
suddenly gives way, icleasing the picssuio which forces the 
ascospoies and the suirounding liquid out into the an The 
libeiation usually occuis as a series of sudden discharges, a phe¬ 
nomenon known as “puffing ” The ascospoies aie forcibly 
ejected into the air for several centimeters, forming a white cloud 
of spores which may be carried off by air currents (Fig 222) 
This process is usually interpreted as an adaptation to wind 
dissemination although the spores may not be disseminated 
exclusively by wind The sudden discharge of spores may be set 
off m several different ways Falck (1916, 1923) has classified 
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the discomycetes into two groups on the basis of the stimulus 
required for puffing One group discharges its spores when 
wanned by radiant heat as from the sun, the other group responds 
to a slight touch of the fiuitmg body such as would be supplied 
by an insect alighting upon it An insect alighting upon a npe 
fruiting body would, by providing the stimulus for the spore 
discharge, become thoroughly contaminated with spores It 
appears as if the puffing mechanism may not exclude the possi¬ 
bility of effective insect dissemination 

A striking example of adaptation of a fungus for insect dis¬ 
semination is found m the anther smut of pinks [Ustilago violaceae 
(P ) Fckl] as descnbed by Brefeld and Falck (1905) This 
smut affects several species of plant of the pink family Infection 
is accomplished thiough the flowers by spores that germinate on 
the stigmatic surface The fungus is systemic and invades the 
entire plant, but spores are formed only m the antheis where they 
icplace the pollen giams The dark-colored echmulate smut 
spores aie approximately the same size as the pollen grains, and, 
although they may be wind-disseminated, they are as readily 
transported by insects The flowers are commonly pollinated by 
insects, especially by certain species of sphinx moths The 
moths, m visiting floweis on infected plants, become contami¬ 
nated with smut spores along with the pollen giams and transport 
them to the stigmas of healthy plants where they geimmate and 
infect Thus, by its habit of sporulatmg m the anthers, the fun¬ 
gus has become adapted to the more certain method of dissemina¬ 
tion by the same insects that pollinate the flowers of its host 
plant 

A somewhat similar adaptation was described by Silow (1933) 
m a systemic disease of icd clovei caused by BotiyUs anthoyhiia 
Bond The spores of this pathogen are disseminated by the bees 
that pollinate led clovei The spoies, along with the pollen 
grains, aie deposited on the stigma where they geimmate and 
infect The mycelium of the fungus grows into the developing 
seed and persists under the seed coat without affecting the via¬ 
bility of the seed When the infected seeds germinate, they give 
rise to systemically infected plants The fungus grows out into 
the young flowers, many of which are blighted, and the spores 
are formed over the surface of the shriveled anthers (Fig 125) 
Bees on visiting the blighted blossoms m search of nectar become 
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contaminated with spores and m the continued search lot nee tax 
spread the infection to othei plants 

Protozoa—A few protozoa aie recognized as plant pathogens 
The methods of dissemination of endophytic piotozoa have not 
been extensively investigated, but all available evidence points 
to insect transmission as the general mle DuPortc (1924) 
mentioned two laticiferous plants (Asclepias synca and Convol¬ 
vulus sepium ) m which the protozoa were seed-tiansmitted No 
spores suitable for wind dissemination arc pioduccd by the proto¬ 
zoa The endophytic protozoa appear to giow and multiply 
within the body of certain insects (Fianca 1920a) and to this 
extent may be considered as well adapted to insect dissemination 
In fact, the nature of the organisms would make it difficult to 
account for their dissemination m any other way When found 
m plant tissues, they occur only as mtiacellular parasites m the 
living latex cells Since the latex cells are not exposed to the 
surface of the plants, it would be difficult to conceive of any 
other way m which the protozoa could gam entrance In all 
probability, it will be found that practically all these endo¬ 
phytic protozoa are disseminated exclusively by insects Foi 
a more complete discussion of insects and the endophytic protozoa 
see Chap X 

Viruses —The exact nature of the inoculum of viruses is not 
known Whatever the inoculum may be, it exists m extremely 
small particles suspended m the protoplasm of the cell That 
it is well suited for insect dissemination is evident from the fact 
that so many viruses are msect-tiansmittcd Many aie tians- 
mitted only by insects so fax as we know It has been shown 
that infection by vnuses depends upon the vims paitioles coming 
m contact with the living protoplasm m the cells ox with the 
plasmodesmid strands connecting the cells The sucking insects 
aie ideal agents for introducing the virus into the living cells 
with the mimmum exposure of the virus to unfavorable conditions 

Certain viruses are capable of surviving foi long penods m 
the body of the insect vectors, and there is some evidence that a 
few of the viruses may actually increase there These properties 
of the virus particles all add to the effectiveness with which 
they may be disseminated by insects The extent to which the 
inoculum of viruses is capable of resisting desiccation, oxidation, 
and other unfavorable factors of the environment varies widely 
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and greatly influences their normal means of transmission The 
virus of tobacco mosaic, foi example, is very resistant to desic¬ 
cation and may suivive for many years m dried leaves, while 
the vnus of cucumber mosaic will survive only a few hours of 
dryness In general, those viruses which are unable to sur¬ 
vive for very long m vitro are more dependent upon insects for 
transmission 

Seed Plants.—There are a few well-recognized plant patho¬ 
gens among the seed plants The common field dodder (Cuscuta 
spp ) and the mistletoes ( Loranthaceae ) are among the better 
known gioups The seeds formed by these pathogens are too 
large to be disseminated by insects, but the seeds of the mistletoes 
aie especially adapted to dissemination by birds 

The seeds of the mistletoes are borne m a viscous and very 
sticky liquid that causes them to adhere tenaciously to anything 
with which they come m contact The seeds adhere to the 
blanches of the tree and germinate during rainy weather, 
sending haustona into the xylem elements and absorbing water 
and mineral salts 

In the dwarf mistletoe (.Razoumofskya spp), the seeds are 
forcibly ejected from the berry and are disseminated locally m 
this way As the berry matures, it develops considerable internal 
piessure until a slight disturbance causes it to explode and eject 
the seed The seeds may travel as far as 33 feet m a horizontal 
direction as a result of this force For dissemination over longer 
distances, they are dependent upon birds which eat the berries 
and regurgitate the seed or pass them out m the excrement 
The sticky seed also may adhere to the bud's beak later to be 
wiped off upon a branch of a tree The seed may be distributed 
for relatively long distances by birds, and many of them so 
distributed are deposited m places favorable for infection 
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CHAPTER XV 


THE FEEDING AND BREEDING HABITS OF INSECTS 
IN RELATION TO THE TRANSMISSION OF 
PLANT DISEASES 

Insects constitute the largest of all animal groups, it having 
been estimated that approximately 75 per cent of all the animals 
of the world are insects Neaily 700,000 species have been 
described and named, and it has been stated that there aie 
probably several million species still undescribed One finds an 
extremely wide vanation m the life habits of such a large group 
of organisms Even among the relatively small number of 
insects known to be concerned m the spread and development 
of plant diseases, we find such a variety of types m respect to 
then mode of life that veiy few generalizations can be made 
concerning their ability to tiansmit plant diseases If we are 
to acqune a satisfactory knowledge of the general pnnciples 
involved in insect tiansmission of plant diseases, it is desnable 
that we make a brief suivey of some of the life habits of insects 
as they concern effectiveness in plant disease transmission 
Inasmuch as the acts associated with feeding and bieedmg of 
insects aie the ones most frequently rnvolved m disease trans¬ 
mission, paiticulai attention will be given to these activities 

THE FEEDING HABITS OF INSECTS AS RELATED TO DISEASE 
TRANSMISSION 

In ordei to be an effective vector of a plant disease, an insect 
must visit, with a reasonable degiee of regularity, both diseased 
and healthy plants The mere association of an insect with 
diseased plants or the presence of inoculum on or m the insect 1 s 
body is not sufficient justification for concluding that the insect 
is a vector of the disease Unless the insect bearing the inoculum 
visits a healthy plant under conditions conducive to inoculation 
and infection, it may be of no significance m the transmission 
of the disease Failure to recognize this fundamental principle 

493 
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has been the source of ficquent error rn the study of insects in 
relation to the spread of plant diseases This was the chief basis 
of the criticism made by Craighead (1916) of the woik of Sfud- 
haltei and Ruggles (1915) dealing with insects as vectors ol 
chestnut blight These authors demonstrated that a large num¬ 
ber of insects collected fiom blight cankers were contaminated 
with spoies of the blight pathogen and concluded that “they aie 
important agents m the local dissemination of this disease 77 
Craighead objected to this conclusion on the logical basis that 
most of the insects included m the study laiely visited oi fed 
upon healthy trees 

One must be cautious, however, m concluding that an insect 
which apparently is associated only with diseased plants does 
not visit or attack healthy plants, foi if the insect is a consistent 
vector of the disease and the plant always becomes infected 
following the insect attack, the situation easily may be mis¬ 
interpreted For example, it has been shown m work on potato 
blackleg and other bacterial soft rots that certain Dipterous 
insects, generally referred to as scavengers, are, m leality, respon¬ 
sible for initiating the decayed condition that is supposed to 
have attracted them A careful study oi the habits of the insect 
throughout its life cycle must be made before it can be dis¬ 
regarded as a possible vectoi 

It is generally recognized that ergot of cereals is tiansmitted 
by insects that feed upon the sugaiy exudate in which the comdia 
of the fungus are borne A very large number of different kinds 
of insect have been observed leeding on the exudate, but they 
are not all equally effective m transmitting the disease No 
accurate rating of the relative importance of these insects has 
ever been made, but it is known that several species of flies that 
are among the most common visitors to infected heads not only 
consume the exudate but feed also on the pollen of healthy heads 
These pollen-eating species would naturally be more effective 
vectors than those species which are attracted to the heads of 
rye by the fungus exudate and which visit healthy heads only 
incidentally 

Another instructive example of the way m which the feeding 
habits of insects may influence the effectiveness of insects as 
vectors is furnished by the bark beetles that transmit the Dutch 
elm disease These insects, principally Scolytus scolytus and 
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S mulhstnatus, bleed by preference m weakened 01 dying trees, 
laiely aie they able to establish themselves m healthy vigorous 
tiees If it were not foi the fact that the beetles feed for a period 
after emeigence on the twigs of healthy vigorous trees, during 
which time they inoculate them with the pathogen, the disease 
would m all probability lemam a relatively unimportant disease 
of unthrifty trees But because of this feeding habit vigorously 
growing trees are inoculated and the disease becomes extremely 
destructive on elms regaidless of their vigoi The native Ameri¬ 
can baik beetle {Hylui gopmus rufipes) breeds also m infected 
elms and occasionally transmits the disease, but it is much less 
effective than the other bark beetles because it does not have 
the habit of feeding on the succulent twigs However, according 
to Kaston and Riggs (1938), this species sometimes feeds upon 
the mnei bark of the trees before breeding tunnels are established 
The significance of this type of feeding m transmission of the 
disease has not been determined accurately, but there is reason 
to believe that it is of considerable importance (Kaston 1939) 

It is of interest to note that the pme bark beetles (Ips spp 
and Dendroctonus spp ) transmit blue-stain fungi that are capable 
of killing vigorous trees when artificially inoculated into them, 
but because the insects infest only weakened trees, the disease 
is largely confined to trees previously injured by some other 
cause These beetles, unlike the Scolytus elm beetles, do not feed 
on the twigs Transmission is accomplished entirely through 
the breeding tunnels 

The Mechanics of Feeding —The mechanical process of feeding 
is a factor of prime importance m determining the effectiveness 
of an insect vectoi of a plant disease Many insects that are 
fiequent visitors to plants feed upon plant products but do not 
wound the plant m any way As a general rule, these insects 
aie not so effective as those which make feeding wounds, and 
'vet some of them are impoitant vectors These usually tians- 
port the inoculum to blossoms oi to wounds made by other 
agencies or else transport inoculum that does not require wounds 
for infection The blossom-visiting insects are the most effec¬ 
tive vectors of this class As examples may be mentioned 
bees, wasps, and flies as vectors of fire blight, flies as vectors of 
ergot, and the sphinx moths as vectors of anther smut of pinks 
Insects that transport inoculum to wounds made by other 
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agencies are, foi the most pait, incidental vectois and of mmoi 
importance In such cases, wind oi othei agent of dissemina¬ 
tion is usually of greater significance than insects although 
theie aie some impoitant exceptions 

Those insects which make feeding wounds arc, by far, the moic 
effective vectois of plant diseases Many different kinds of 
wounds are made by insects m the pioccss of feeding, and the 
type of wound is a factor of much significance m detei mining 
infection No two species of insect feed m exactly the same 
way, and very minor differences may have a great influence on 
the effectiveness of the insect as a vector 

Some of the more common types of feeding wound are those 
made by the chewing insects These may consist of a simple 
Clashing of plant tissue by such insects as grasshoppers, cater¬ 
pillars, and many beetles, or they may take the form of burrows 
extending deep into the tissues, such as those made by wood- 
bo nng beetles It would be difficult to make any genoiahzations 
as to which of these two kinds of injury is more conducive to 
insect transmission, much depends upon the nature of the disease 
being transmitted In geneial, the feeding wounds made by 
such chewing insects as grasshoppers and potato bugs, because 
of exposure to the an, dry quickly and aie relatively unimportant 
as points of infection On the other hand, similar wounds made 
by the cucumber beetles on the stems of cucurbits are effective 
avenues of entrance for the vascular bacterial parasite Erwvma 
tracheipJula 

Insects that bunow deep into plant tissues provide wounds 
that often are ideally suited for infection, although theie are 
many exceptions When the adult insects bunow into the plant, 
as do the bark beetles, many fungus spores are introduced and 
the tunnels provide ideal moist chambers for growth of the fungus 
and for infection Other insects burrow m as young larvae, 
freshly hatched from eggs, and having had less opportunity for 
becoming contaminated are less likely to introduce inoculum 
This difference may be illustrated by comparing the baik beetles 
that burrow m pme logs as adults and introduce large quantities 
of spores of the blue-stain fungi with the wood-boring Mono - 
chamus spp and the buprestid beetles which bore into the same 
logs as freshly hatched larvae and introduce few, if any, spores 
of pathogenic fungi 
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Chewing insects play a 1 datively ummpoitant pait m the 
tiansmission of vims diseases This can be attubuted laigely 
to the type of wounds they make The cells boidermg the 
wounds made by chewing insects aie usually ciushed and killed 
so that a vuus mtioduced into the wound would rarely come 
into contact with living protoplasm, a recognized requnement 
foi infection by all vnuses Insects of this type aie capable of 
tiansmittmg only those viruses which aie very highly infectious, 
being readily transmitted by artificial sap inoculation 

The laspmg-suckmg type of feeding, represented by that of 
the larvae of Dipteious insects, results m wounds veil adapted to 
transmission of certain kinds of diseases This type of wound is 
usually made m succulent tissues favorable to infection by 
bacteria and fungi, and the larvae burrow into the tissues to 
avoid the injurious effects of light and desiccation The con¬ 
tinuous natuie of the wound tends to counteract the wound- 
healing properties of the plant tissues and affords an excellent 
opportunity for successful inoculation 

The piercing-sucking insects make wounds that are ideally 
adapted to the transmission of plant diseases They penetrate 
deep into the tissues with their mouth parts, and any pathogen 
introduced into such a wound is not exposed to any of the ill 
effects of light, desiccation, 01 oxidation When the pathogen is 
transmitted biologically by the insect, the secretion of sahva 
into the wound piovides a means of introducing the required 
quantity of inoculum It would, however, be unwise to gener¬ 
alize to any great extent as to the significance of the injection of 
saliva, for, as has been shown by Smith (1920), the capsid bugs 
aie not capable of transmitting many of the plant viruses The 
saliva injected into the plant by these insects is highly toxic to 
plant cells and kills much of the tissue immediately sui rounding 
the punctuie Smith believes that the lapid lulling of this 
adjacent tissue pi events the viruses from becoming established 
m the plant and is responsible for the failure of this particulai 
group of sucking insects to transmit viruses effectively This 
conclusion is supported by the generally lecogmzed fact that the 
viruses behave as obligate parasites and are not able to multiply 
except m direct contact with living tissue It is also possible 
that the sahva of some insects may be toxic to some kinds of 
inoculum 
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The mechanics of feeding by insects is of paiticulai significance 
in the study of the transmission of the vmis diseases Bi ancles 
(1923), working with Aphis maidis and sugai-cane mosaic, was 
among the fiist to study the mechanics of feeding oi msec! 
vectors m relation to virus diseases, although as early as 1891 



Fig 223 -A section thiough the head and mouth pmts of an iplud [coding 
upon the vein, of a potato leaf Note that the sol 10 have located and pc net i it eel 
the phloem tissues (After Dylstra and WhitaUr ) 

Busgen had studied the methods of feeding of aphids m con¬ 
nection with his investigation of the foimation of honeydew 
The feeding wounds of aphids (Rhopalosiphum dzanthi Schrank) 
and the path followed by the setae weie described also by 
Woods (1900) m his study of stigmonose of carnations In 
1923, Davidson described the penetration of plant tissues by 
Aphis rumicis L In the same year, a similar study was reported 
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by Horsfall (1923) with respect to A 7umzczs L , Myzus pe 7 sicae 
Sulz , Mao osiphum rudbeckiae Fitch, and M ambroszae Thomas 
This was followed by the more extensive comparative study of 
the feeding methods of several Hemiptera m particular relation 
to vn us transmission as leported by Kenneth Smith (1926) 
The mechanism of feeding has been described for several leaf 
hoppers by Smith and Poos (1931) and by Smith (1933), and 
similai studies dealing with the beet leaf hopper [Eutettix ienellus 



Fig 224 —Thiee sections through petioles of sugar-beet leaves at the point 
of feeding punctures of Eutettex tenellus , showing the sheath of heavily staining 
material that sunounds the path of the setae Note the change of direction and 
the icsults of probing to reach the phloem m B (After Bennet by courtesy of 
the U S Department of Agriculture ) 

(Bakei)], with special leference to the transmission of curly top, 
were made by Bennett (1934) 

These studies, along with othei less extensive ones, have given 
us a fanly clear picture of the nature of the feeding punctures 
of the most important groups of vectors of virus diseases In 
general, those Homopterous insects which are most effective m 
transmitting viruses feed upon the phloem (Figs 223 and 224) 
The stylets may penetrate the cell walls of the epidermis or may 
push m between epidermal cells Penetration of the cortex 
paienchyma may be either intercellular or by direct penetration 
of the cell walls As a rule, the setae of aphids follow an inter¬ 
cellular path although cell-wall penetration is often observed 
The leaf hoppers, on the other hand, usually puncture a higher 
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percentage ol the cortex cells m a mote clued, path to the phloem 
The path 1 olio wed appeals to be detei mined laigely by the size 
and stiffness of the setae and the lelative thickness ol the (‘('ll 
walls ol the plant tissues led upon 

In the feeding ol both leal hoppers and aphids, theie is a 
copious flow of saliva into the mtei cellular spaces liom the 
beginning ol penetration This secietion xeacts with the plant 
sap and loims a sheath that completely surtounds the pencil at- 
mg setae (Fig 224) There has been a diffcience of opinion as 
to the nature of the sheath matenal Hoi si all (1923) mtei- 
pieted it as of plant ongm, being foimed as a wound reaction 
However, the opinion of most workeis is that the sheath is 
largely of insect origin Smith (1933) piesentecl stiong evidence' 
from microchemical tests to support this view, and Bennett, 
(1934) has observed the formation ol a typical sheath ol E 
tenellus while feeding thxough a membrane on hanging diops of 
a synthetic solution 

The function of the setal sheath is not definitely known It 
has been suggested that it serves to make an an tight seal about 
the setae, thus preventing the leakage of an or liquids along the 
sides and increasing the efficiency of the pumping mechanism 
used for sucking out the contents of the phloem The sheath 
also may serve to protect the setae fiom any injurious action of 
the cell sap and may piovide better lubrication foi then move¬ 
ment There is also some evidence that the salivaiy secietions 
aid the penetration of the smallei setae by dissolving the middle 
lamellae of the cells In any event, the feeding mechanism is a 
veiy efficient one Since it has been shown that the sahvaxy 
secretion of many vectois is the medium m which the vnus is 
mtioduced into the plant, a moie peilect mechanism loi inocula¬ 
tion scarcely could be imagined 

The mechanism of feeding is important, also, m the study of 
the nonparasitic diseases caused by toxieogcmc insects Dis¬ 
eases of this type (psyllid yellows, gicen spot of pineapple, 
hopperburn, etc ) have been attributed m general to diffusible 
toxic substances introduced m the saliva of the insect However, 
this interpretation has been questioned m the case of hopperburn 
by Smith and Poos (1931), Smith (1933), and Johnson (1934), 
who maintain that the setal sheath, together with the mechanical 
injury to the plant tissues, results m a clogging of the phloem 
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vessels that mterfeies -with the normal translocation of plant 
matenals and accounts for pathological symptoms of hopei- 
burn There is need for further study of the mechanics of feeding 
and associated phenomena m mterpietmg the nature of the 
diseases caused by toxicogemc insects 

Food Plants —The choice of food plants by insects has an 
important bearing on their ability to transmit diseases success¬ 
fully Among the first things to be determined m a study of 
insect tiansmission is the host range of the disease and range of 
food plants of the insect m question Practically all plant 
diseases affect to some extent one or more species of noncultivated 
plants which may serve as reservoirs for the pathogen Weeds 
and other noncultivated plants rank among the most common 
souices of infection for the cultivated crop Also, many insect 
pests of crop plants feed upon wild plants m some stage of then 
development or duimg some part of the yeai Outbreaks of 
many msect-tiansmitted plant diseases can be traced directly 
to insects that move fiom infected wuld plants to the cultivated 
crop The movement may be simple dispersion fiom breeding 
centers or definite directional migration This factoi is especially 
important m lespect to virus diseases, as may be illustrated by 
the curly top of sugar beet and Eutettix tenellus , the mosaic of 
cucurbits and Aphis gossypn, and many others Even though 
the noncultivated plants may not be susceptible to the disease 
m question, they may seive as breeding places for the vectors, 
and a knowledge of this fact is equally important m the contiol 
of insect-transmitted diseases 

Madei (1937) has reported that m New York the presence of 
yellow dwarf of potato transmitted by the clover leal hopper 
(.Aceterogallia sangumolenta ) is closely correlated with the pres¬ 
ence of medium red clover (Tnfolium pratense ) Since the leaf 

hopper is abundant m regions w r here the disease is not pxevalent, 
the clover, which is a suscept of the disease, probably selves as 
a source of viruliferous vectors that move from the clover to 
potatoes If this relationship is sufficiently constant, a change 
m cropping practices may be more effective m controlling the 
disease than attempts at direct control of the vector 
Wellman (1935) has studied and charted the spread of southern 
celery mosaic by A gossypn Glov m relation to weeds as sources 
of infection This virus affects many species of plants, including 
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weeds of vanous types, Commehna nudifloia L being the most 
important of its weed hosts Tins is a peienmal plant in whieh 
the vnufa oveiwinteis and on which the aphids feed, especially 
when moie tendei annual plants aie not abundant Caielul 
studies have shown that infection m celeiy staifs horn infected 
weed patches along the edge of the field and spieads piogi essively 
thiough the field 

When the annual plants die 01 are chopped down, aphids leave and 
cany the virus back to nearby perennials, reestablishing themselves on 
old plants, or colonizing and infecting the young perennials, which 
act as reservons of the virus ovei periods unsuited to giowth of the moie 
tender plant species It is upon advent of new growth of many of the 
annuals that dissemination of the disease becomes noticeable The 
virus-carrying aphids migrate back fiom the less succulent and palatable 
leseivoir hosts to annual crops and weeds, and the virus then becomes 
economically significant 

A consideiablc degree of contiol of celeiy yellows has been 
demonstrated by the thorough local eradication oi C nudiflom 
m the vicinity of celeiy fields 

Hemze and Pi off t (1938) made an extensive study of the life 
history and distribution of Myzus persicae Sulz m Geimany in 
i elation to the pievalcnce of virus diseases of potatoes If was 
concluded that this aphis alone is responsible for the liansnmsion 
of the three most important potato viruses m Geimany (leal 
roll, y and a vnus) and that there is a close coirelation between 
its abundance and the difficulty of producing virus-free seed 
stock It was shown furthermore that the abundance of the 
aphis m various paits of Geimany is largely determined by the 
abundance of peach tiees Myzu s pci suae is a polyphagous 
aphid, but it utilizes the peach exclusively as the winter host 
In early fall, the winged form of the insect appears and migrates 
from potatoes (and its many other host plants) to the peach 
trees on which the sexual generation develops Eggs are depos¬ 
ited on the peach trees m late October They lie dormant until 
early spring, then hatch, giving rise to wingless females that repro¬ 
duce viviparously About 2 months later (approximately May 
15 m Berlin), the winged individuals appear Within a few days, 
these begin to migiate from the peach trees to potatoes and other 
summer host plants Since the virus is not congenitally trans¬ 
mitted m the aphids from one generation to the next, the virus 
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must be acquned from infected potatoes or from systemically 
infected weeds 

Extensive aphid counts m potato fields throughout the season 
m vanous sections of Germany showed clearly that M peisicae 
was much more abundant m those legions where peach trees were 
more numerous and that these regions coincided with those pi en¬ 
viously recognized as unfavorable for the production of virus-free 
potatoes On the basis of these facts, it was recommended that 
seed-potato production be limited to those regions where peach 
trees aie not economically impoitant and that, m regions devoted 
to intensive seed production, as many peach trees as possible 
be eliminated 

Murphy and Loughnane (1937), m a 10-year study of the 
spiead of leaf roll m Ireland, state that M persicae winters m an 
active state on cabbage and that the lelative fieedom of potatoes 
fiom leaf roll m eastern Ireland is probably due to the absence 
of wmtei hosts of the aphids near the potato fields 

Palmei (1938) has called attention to the importance of know¬ 
ing the host lange and relationships of aphids m respect to then 
role as vectors of virus diseases Aphids aie grouped into the 
following three classes on the basis of their host relationships 

Single-host aphids are aphids that feed upon only one species 
of plant or on a few closely related species of a single genus 
A pomi DeG on apple and Macrosiphum ?osae (L) on rose are 
examples of this class 

Polyphagous aphids infect a relatively large number of plant 
species m several distantly related families Examples aie A 
gossypn Glov and A medicagims Koch, each of which feeds 
on plants m 11 diffeient families Aphis rumicis L and M 
persicae Sulz each feeds on plants m eight families These 
plants include both weeds and cultivated crop plants Vectons oi 
vnus diseases with polyphagous habits add greatly to the com¬ 
plexity of virus disease control 

Alternate-host aphids commonly feed on a wmtei host, usually 
woody, and one or more heibaceous summer hosts Foi example, 
M persicae utilizes the peach as a winter host and feeds on many 
heibaceous species m summer Aphis baheri Cowen winters on 
apple and feeds on clover m summer 

The time of migration is often of great significance m the 
study of the relation of aphids to the spread and development 
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of vn us diseases Alta natc-host migrants aie those winged aphids 
which leave the hist host to migrate to the alternate one The 
migiation usually occurs in late spring, but the exact date vanes 
with the species and with the climate Single-host migiants 
aie the winged fotms of the single-host aphids that aic responsible 
loi the dispeision of the species on its piefericd host plant The 
single-host migiants appeal some time m late spiing 

It is well known that some aphids tiansmit only one plant 
vnus whereas othei species tiansmit scveial diffeient vnuses 
In general, it is the polyphagous aphids such as M pa sicae that 
transmit moie than one vnus The single-host aphids as a mle 
tiansmit only a single vnus 

The plants upon which toxicogemc insects have fed may 
deteimme then ability to pioduce a disease as shown by Caitei 
(19366) m Ins study of the gicen-spoltmg disease of pineapple 
caused by the pineapple mealy bug [Pseudococcus brevipcs (Ckl )] 
When the insects weie icmoved f 10 m Panicum grass to pineapple, 
they failed to cause the gieenspottmg, but, when taken horn any 
othei host, they icadily caused the disease 

The feeding habits of insects and then choice of host plants 
aie often influenced by cultuial piactices with stilking effects 
on their impoitance as vectois of plant disease Thus, A 
maidis, which is considered to be the puncipal vector of sugar - 
cane mosaic, does not normally feed upon sugai cane but develops 
abundantly on ceitam wild glasses that aie piofened food plants 
In the tiopics, these wild grasses must be cut down penodieally 
as a cultuial necessity When this is done, the vectoi migiatcs 
to sugai cane and m so doing tiansmits the vnus fiom the' wild 
glasses In subtiopical legions, the wild giasses die m winter, 
and then A maidis feeds upon sugar cane until a new supply ol 
glasses is available Ingiam and Summers (1936) claim that m 
Louisiana the lusty plum aphid [Ilystaoneura setanae (Thomas)] 
is the principal vectoi of sugai-cane mosaic although it does not 
transmit the virus so leadily as A maidis The sugar cane plant, 
ho we vei, is a pref erred food plant of H setanae , which is much moi e 
numerous on sugar cane and is there for a longer period of time 

Insect Motility—The motility of insects and their migration 
habits are of considerable importance Some insects, as the beet 
leaf hopper, have definite periods of migration m which wide areas 
of cultivated plants may become infested m a short period of 
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time Othoi insect vectors spiead slowly fiom centeis of 
infestation and the diseases transmitted by them may be 
coirespondingly slow m their spread Aphids in certain stages 
of development aie idatively inactive and move veiy slowly from 
plant to plant The late of spread of a viius disease by aphids 
may be mci eased by any cultivation piactice that mci eases then 
motility The practice of rogmng virus-infected plants fiom a 
field may defeat its own purpose if the vectors feeding upon the 
diseased plants are allowed to move to the remaining plants 
Incomplete control of insect vectors by spraying or dusting may 
likewise hasten the spiead of the disease by dispersing vnulifeious 
insects fiom diseased to healthy plants 

The pi evailmg winds or strong winds of some duiation may 
influence greatly the incidence of a disease by its influence on 
the movement of the insect vectois Wellman (1935) has shown 
that the spread of celery mosaic m Flonda is dependent upon the 
movement of the aphid vectoi (Aphis gossypn) and that this is 
influenced gieatly by the dnection of the prevailing winds 
The winged forms of the vectoi may fly for a considerable dis¬ 
tance and are responsible foi new centeis of infection, but then 
dnection of flight is determined largely by the direction of the 
pi evading wind 

Felt (1937) has studied the influence of the pi evading winds 
on the movement of the elm beetle (Scolytus multistnatus Marsh ) 
and its significance m the spiead of the Dutch elm disease m the 
United States The study of wind drift by balloons m the legions 
infected with the Dutch elm disease indicates a dnft m a north¬ 
easterly direction, which coincides veiy closely with the direction 
of greatest spiead fiom the eaily centeis of infection Although 
no studies with the beetles have been made, theie aie several 
records of baik beetles being caught high m the an m an plane 
tiaps Felt is of the opinion that “wind carnage of infected 
beetles affords the most reasonable explanation of the distribu¬ 
tion of the Dutch elm disease m the northeast ” and that balloon 
distribution data will indicate the general lines of further spread 
Fransen (1939) has observed that the elm bark beetles fly high 
above the treetops and that the taller trees are most frequently 
attacked whereas the lower ones escape 

The migration habits of insect vectors should be studied more 
extensively than they have been m the past Many vectors of 
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plant diseases food foi a time on coitain species ol w lid plant, laloi 
migiatmg to tho cnltivatod crops The causes oi initiation may 
laiy with dittoiont voctois Tho boot loaf hoppoi apparently 
migrates from tho native vegetation to the sugai-beet fields 
when tho native vegetation dues up 01 matin os with the apptoac h 
of tho hot, diy summoi weathei Caitoi (1930) has shown, 
howevei, that the leaf hoppeis migiate not alone because of tho 
scaicity of food, but because they have an mheient instinct to 
migiate This highly developed instinct piobably evolved by 
natuial selection m heterozygous populations, thi ought the 
gieatei survival of those individuals with migiatmg instincts, as 
the native vegetation dned up ycai aftei yeai The \ at lability 
of the migiation instinct and the time lequned foi a change m 
migiation habits are not known II appieciable changes can be 
effected m a lelatively few genciations, the migiation and food 
habits of insects could be modified strikingly by climatic cycles 
or by the changing agucultuial practices of a region Such 
changes would be of considerable significance m cpiphytology 
and might explain the great fluctuation often observed m the 
pie valence of mseet-tiansmitted diseases 

Insects that are active and move fiom plant to plant frequently 
aie moie effective m transmitting viruses than the mote sedentary 
species, other things being equal This is a factor that should be 
kept m mind when evaluating the relative importance of different 
vectors A very actrvc species that is capable ol transmitting a 
Mius m only a small peicentage of oppoiiunities may be of 
gieatei importance than a more sedentary species that transmits 
the disease in a higher percentage oi opportunities Greenhouse 
experiments demonstrating that a given insect is capable of 
transmitting a vims should be supplemented by held studies 
of the habits of the insect befoic its role as a vector is finally 
evaluated 

Tissue Selection —Many insects that feed upon a given plan t 
do not do so indiscriminately Nearly all species have a particu¬ 
lar pieference for certain tissues, and some aie stnctly limited 
m respect to the tissues on which they can feed successfully 
This fact has a very important bearing on the subject of insect 
transmission of plant diseases Slight differences m feeding 
habits and choice of tissues are often not noticed, and the sig¬ 
nificance of these differences is frequently overlooked until 
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revealed by caieful and detailed study This aspect of the 
piobleni of insect tiansmission was greatly neglected foi many 
yeais and still is m need of moie careful study 

The impoitance of tissue selection is stnkmgly illustrated by 
the investigations of Bennett (1934, 1937), Bennett and Esau 
(1936), and Fife and Fiampton (1936) These voikeis have 
shown that the vnus of cuily top of beets is confined almost 
entnely to the phloem tissues of affected plants The vnus is 
laiely found m the paienchyma tissue It was demonstrated 
also that the beet leaf hopper noimally feeds on the phloem and 
that when vnuliferous leaf hoppers feed only on tissues other 
than phloem they laiely, if evei, inoculate the plant with the 
vnus Theie is, theiefoie, a close con elation between the tissue 
selection by the leaf hopper and its effectiveness as a vectoi of 
cuily top 

Fife and Frampton (1936) have offered the fiist plausible 
explanation of the method by wdnch the leaf hoppei is able to 
locate and select the phloem on w r hich to feed This explanation 
is based on the existence of a pH giadient between the cell 
contents of the phloem and that of the paienchvma By using 
a potent lometei and a qumhydione micioeleetiode to measuie 
the acidity of the cell sap m vanous tissues, it was found that the 
sap of the phloem is consideiably moie alkaline than that of the 
sunoundmg parenchyma, lesultmg m a pH giadient as lllustiated 
graphically m Fig 146 It was shown also that the leaction of 
the saliva of the leaf hopper is alkaline, appioximatmg that 
of the liquids of the phloem These facts led to the hypothesis 
that the pH giadient was utilized by the leaf hoppeis as a guide 
1o the phloem Accoidmg to this hypothesis, when the setae 
of the insect penetiate the paienchyma, the diffeience m aciditv 
between the cell sap and the insect’s saliva gives use to an 
undesirable reaction, which causes the leaf hoppei to withdiaw oi 
change the direction of its setae The piocess is continued 
with the result that the pH gradient leads to the phloem w r heie 
the desired alkalinity is found 

This hypothesis was supported by some additional expen- 
mental evidence Leaf hoppers were placed m artificial feeding 
cages where, by piercrng a thin membrane, they could feed on 
diops of sugar solutions adjusted to two different pH values 
(pH 8 5 and pH 5 0) They were observed to explore the acid 
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diops with then setae and move on to the alkaline ones beloie 
finally settling down to feed 

The pH giadient noimally found m beet-leaf tissue was modi¬ 
fied by subjecting the beets to high concentrations of cat bon 
dioxide This tieatmcnt tended to equalize the pH values of 
the phloem and paienchyma as shown m Fig 147 When leaf 
hoppers weie fed on these ticated beets, they weie no longei able 
to locate the phloem and fed mdiscnmmately on diffcient tissues 
with a coi responding decrease m effective inoculation with the 
vnus These studies constitute an impoitant contribution to 



Fig 225 —Lesions made on alfalfa leaves by two species of Empoabca which do 
not select the phloem on which to feed A, a leaf fed upon by one adult of 
Empoasca abrupta, B , by one adult of E erigeron Approx 3} 2 X The stippling 
effect is much less severe than the burning effect of E fabae (Aflu Smith and 
Poos ) 


the study of insect txansmission of vnuses, and similai studies 
should be made with othei vnuses and then voetois A fuithei 
study of tissue selection by insects along with similat studies of 
the localization of the viruses m plant tissues may explain many 
cases of appaient specificity between eeitam vuus diseases and 
then insect vectois 

There is some evidence that the ability of aphids to transmit 
leaf roll of potato is associated with phloem feeding (Dykstra 
and Whitaker 1938) This virus is ti ansmitted by several species 
of aphid, but those which consistently feed upon the phloem 
(Myzus persicae, M circumflexus , and M solam ) transmit it 
more readily than Macrostphum solanifoh% which feeds more 
fiequently on mesophyll tissues On the other hand, the thice 
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species of Myzus vaned m then ability to tiansmit ceitam viruses 
of the potato although no differences m their feeding habits 
wcie obseivcd 

Tissue selection by pieiemg-suckmg insects is significant, also, 
m the study of toxicogenic insects and the diseases caused by 
them Smith and Poos (1931) have studied the tissue selection 
of six species of Empoasca Five species ( E maligna , E ahrupta, 
E filamenta , E bifurcata , and E engeron ) selected the mesophyll 
tissue of the moie matuie leaves upon which to feed They 
caused only slight injury characterized by a spotting or stippling 
of the uppei leaf suiface (Fig 225) In conti ast, E fabae showed 
a decided preference foi the phloem tissue In feeding on the 
phloem, this species senously disrupts the noimal functions of the 
vascular elements, and the destructive pathological condition 
known as hoppeibuin then lesults 

THE BREEDING HABITS OF INSECTS AS RELATED TO DISEASE 
TRANSMISSION 

The effectiveness of an insect as a vectoi of a plant disease often 
may be influenced by its habits of bi ceding Plant wounds made 
by insects in connection with, bi ceding activities frequently seive 
as points of entrance foi plant pathogens The adults of some 
species tunnel into plant tissue and establish biood tunnels m 
which the eggs aie deposited and the young aie reared The 
ambiosia beetles and the baik beetles breed m this way Various 
lands of fungi aie usually associated with insects of this type, and 
in many cases the fungi aie pathogenic to the plants in which the 
insects breed, e g , Ceiotostomella ips , Tuberculailella ips causing 
the blue stain of conifers, and C ulna causing the Dutch elm 
disease 

The females of ceitam othei species of insect aie equipped with 
sharp-pointed ovipositois with which they make punctuies m 
plant tissue for the insertion of then eggs In general, this type 
of oviposition wound is not so important m the transmission of 
plant diseases as the one just descnbed, but theie aie a few note- 
woithy examples of effective transmission through oviposition 
The female apple-maggot fly ( Rhagoletis pomonella Walsh) inserts 
her eggs m punctures made with a sharp ovipositor m the tissues 
of apple fruit (Fig 93) Pathogenic bacteria ( Phytomonas 
melophthora Allen and Rikei) are introduced along with the eggs 
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and eventually cause a decay of the apple (Allen, Pmckai d, and 
Rikei, 1034) The olive fly (Doom s oleae Rossi) is said io inocu¬ 
late olive twigs with the olive-knot pathogen [Enmma savaUonoi 
(Smith) Beigey el al ] m a similai mannei (Petii 1910) (Fig 00) 
A unique example of inoculation at the time ol oviposit ion is 
that of iiee ctickets and the cankei ol apples caused by Lepto- 
sphaena (oruothynum (Fckl) Sacc as desenbed by Gloyei and 
Fulton (1916) The female tiee cuckets nisei t then eggs into 
punctilios made with then ovipositois m the apple twigs The 
punctuies aie then plugged with matenals which often contain 
spoies ol the pathogen Two species ( Oecanthus mveus DeG 
and 0 exclamahonib Davis) plug the punctilio with pellets ol 
chewed baik often obtained hom cankeis on which the fungus is 
ti uitmg Othei species use pellets ol leccs which also commonly 

contain viable spoies ol the fungus The pecuhai instincts 
manifested by these insects dm mg opposition aie thus Respon¬ 
sible loi then impoitance as vectois of apple cankei (Fig 128) 
Many insects deposit then eggs on the sui face ol plant tissue 
without making wounds, but when the eggs hatch the lai vae of ton 
boie into the tissues and inoculate them with plant pathogens 
The pait of the plant on which the eggs aie deposited may be 
significant m deteimining the amount ol damage caused by the 
disease Foi example, the Dipteious insect vectois ( Scaptomyza 
qtammum Fall and Elacinptera coUata Leow r ) of coleiy heait tot, 
caused by 1 Enmma ccuotovoia , deposit them eggs on the suilace 
of the colei y leaves In lamy weal hoi, the eggs aie deposited 
on the outei leaves, and the resulting soft lot is not vety dost i ac¬ 
tive In diy weather, on the othei hand, the insects sock a 
moist place to deposit then eggs and lay them on the young heai t 
leaves neai the giowing point When these eggs hatch and the 
laivae inoculate the heait leaves with the bacteria, the growing 
point is killed and much loss follows (Leach 1927) The instinct 
that leads the insect to seek a moist place foi depositing its eggs 
obviously greatly influences its significance as a vectoi 

Most insects have decided pielciences among the host/ plants 
on which they bleed Insect vectois often bleed moio abund¬ 
antly on weeds and wild plants than they do on the economic 
plants on which they feed and to which they tiansmit diseases 
The control of many insect-transmitted diseases depends upon 
the destiuction of the primary bleeding hosts of the vectoi Foi 
this reason, no study of an insect vector is complete until its 
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blooding habits, including its picfoience of bieedmg hosts, aio 
accurately known It has been deleimined that the plant bugs 
which tiansmit siigmatomycosis to cotton and othei plants bleed 
extensively on many weeds and noncultivated plants Control 
measures lot the disease depend laigely upon keeping down the 
population of vectons thiough destiuction of their weed hosts 

The bieedmg habits of insects m relation to cultuial piactices 
ai e also impol tant fiom this standpoint In the contiol of yellow 
top of all all a caused by the leaf hoppei (Empoasca fabae Harris), 
it has been shown (Giabei and Spiague 1933, 1935, Searls 1934, 
and Jewett 1934) that the population of hoppeis and the subse¬ 
quent m]uiy can be gieatly ieduced by timing the fiist cutting 
to coincide with the end of the heaviest egg-laying period but to 
piecedc the hatching penod By doing this, the majority of the 
eggs ol the fiist biood of hoppeis is destioyed when the alfalfa 
is cut, and the second biood is so gieatly diminished that it fails 
to cause much damage The success of this method of conti ol 
is gieatly influenced by the weathei conditions and the relation¬ 
ship between the stage of development of the insect and the 
giowth stage of the alfalfa 

Insect Abundance—If a plant disease is laigely dependent 
upon insects foi its tiansmission, it is only icasonable to suppose 
that the pievalcnce of the disease will be influenced by the 
pie valence of its insect vectoi This would be especially tiue 
ol such diseases as bacteiial wilt of cucurbits and certain virus 
diseases that aie transmitted only by ceitam species of insect A 
tew observations have been recorded which indicate that such 
relationships exist The influence would be less on diseases m 
which insects constitute only one of seveial agents of inoculation 
H is a matter ol common observation that the prevalence ol 
both insects and plant diseases vanes fiom yeai to yeai, but 
remarkably few studies have been lepoited m which the influence 
of fluctuating insect populations on the fluctuating pievalence of 
diseases has been consideied It is recognized that the popula¬ 
tions of ceitam insect species fluctuate m definite cycles as a 
result of paiasitism and othei biotic factois As the insect pest 
becomes moie abundant, its parasites also may multiply Soon 
the parasites kill so many of the host insects that the lattoi 
become relatively scaice The scaicity of the host insect results 
m a diminishing of the population of parasites until the host 
insect again becomes more abundant and the cycle is repeated 
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Cycles of this type have been iccoided foi a numbci ot insect 
vectors, and thcie aLO numerous teeords ol eoirelation between 
the pievalciue ol a vector and the disease that it transmits 
Plant pathologists, seeking to explain the vanation in the prev¬ 
alence of an insect-transmitted disease, should endeavor to 
learn as much as possible about the fluctuations m population 
of the insect vector and then possible relation to the fluctuations 
in prevalence of the disease 
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CHAPTER XVI 


INSECT TRANSMISSION OF ANIMAL DISEASES 
COMPARED WITH INSECT TRANSMISSION OF 
PLANT DISEASES 

The sciences of plant and animal pathology have much m 
common The phenomena dealt with aie essentially the same, 
although the two sciences aie cultivated by different gioups of 
workeis, each highly specialized m its own field Each gioup is 
concerned with the fundamental biological piocesses of disease, 
^ e , parasitism, pathogenicity, inoculation, infection, epidemi¬ 
ology, immunity, etc A discovery made m one field often has 
direct application m the othei and still moie often may be the 
key to the solution of some vexing problem Paitly because of 
the higher values placed upon human lives, 01 the lives of animals, 
animal pathology- developed somewhat earliei and has progiessed 
more rapidly than plant pathology Consequently, the youngei 
science of plant pathology has m the past diawn much fiom the 
rich discovenes of medical science and may be expected to do so 
in the future Therefoie, a student mteiested m the subject of 
insects m relation to plant diseases will do well to acquaint him¬ 
self with the known facts concerning the relation of insects to 
the spread and development of animal diseases 

An exhaustive treatment of the subject of insects m ielation to 
animal diseases is beyond the scope of this book It wall be 
sufficient here to give a buef histoncal account of the develop¬ 
ment of medical entomology and, foi the puipose of comparison, 
to give the essential facts conceimng a few lepiesentative 
examples of insect tiansmission of animal diseases Foi furthei 
information on the subject, the readei is referred to the well- 
known wrorks of Matheson (1932), Riley and Johannsen (1932), 
Fox (1925), and Wenyon (1926) and the liteiatuie cited by them 

HISTORICAL 

Interest m insects from the standpoint of their relation to the 
transmission of animal diseases is a xelatively recent develop- 

514 
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ment The fiist geneial tieatment of the subject was published 
in 1899 by Nuttal, who stated the situation at that tune as 
follows “Very few of the woiks on hygiene even mention the 
role of insects as carriers of infection, and those that do generally 
speak vaguely on the subject ” But since this statement was 
made, there has been a lapidly mci easing interest m this aspect 
of entomology and medicine, and as new- facts have been dis¬ 
co 1 vexed, insects have pioved to be a factoi of pume importance m 
medical science The past 40 yeai s has w ltnessed the rapid devel¬ 
opment of the broad but specialized field of medical entomology 

Despite what has been said, the idea of insect tiansmission of 
disease is not of lecent ongm Yanous “theories” of insect 
tiansmission of human diseases date fiom the ancients Experi¬ 
mental pi oof, howevei, was lacking, and the theones failed to 
influence scientific thought With the fiist experimental proof 
of insect tiansmission, the theory became a fact, and the idea was 
rapidly exploited, stimulating fuither leseaich m the field With 
the exception of eaily inconclusive expenments dealing with 
insects and anthiax, the first expenmental evidence that insects 
aie concerned m the transmission of diseases is that published 
by Manson (1878, 1884) showing that mosquitoes are vectors of 
the filanal woim causing elephantiasis of man Manson showed 
that the laivae of the parasite are taken up m large numbers bj 
the mosquito when it sucks the blood of an infected peison He 
showed that the worm undeigoes cvclic development m the body 
of the mosquito Manson thought that the parasite w T as released 
m the water on the death of the mosquito and that man became 
infected by dunking contaminated water, but he was m enoi on 
this point The tiue method of infection w T as discoveied m 1900 
by Low, who showed that infection followed the bite of an infected 
mosquito The incompleteness of the w ork of Manson does not 
detract much from the significance of his contribution, for it 
influenced gieatlv the w T ork of others and marked the beginning 
of medical entomology 

The next gieat step forward wns made by Smith and Kil- 
bourne with then classic work on the cattle tick and the Texas 
fever of cattle, published m 1893 The tick, shown to be a 
vector of Texas fevei, is not a true insect but a closely related 
aithropod This woik is of special historical significance because 
it marks the first proof of the transmission of a protozoal disease 
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by a bloodsucking aithiopod The lecogmtion of this i elation- 
ship and its significance m the epidemiology of animal diseases 
led to the discovery later of the vectors of the Rocky Mountain 
spotted fever of man, tularemia, and other srnnlai diseases 

A few years later (1895) Bruce, woikmg m Afuca, discovered 
that the fatal nagana disease of cattle is caused by a blood- 
mhabitmg tiypanosome and showed that the disease is conveyed 
from sick to healthy animals by the bloodsucking tsetse fly 
{Glossma moisitans) This discoveiy pa\ed the way for the 
demonstration of the cause and method ot spread of the insidious 
and fatal Afucan sleeping sickness of man, a disease very similai 
to the nagana disease of cattle It is caused by Trypanosoma 
gambiense and is transmitted by several species of Glossma , or 
tsetse fly Bruce and many othei woikeis, including both 
entomologists and medical men, contributed to the solution of 
this problem 

The next great advance, and one of much significance, was the 
proof of the tiansnussion of malaua by mosquitoes On the 
basis of observational evidence, many laymen as well as scientists 
had expressed the idea that mosquitoes were concerned m the 
spread of malaria, but m the absence of expenmental evidence 
the theory had received little credence As early as 1880, 
Lavaran had shown that malaria was caused by a parasitic 
protozoan and had suggested that it might be transmitted by 
mosquitoes Howevei, the maior credit foi experimental pi oof 
of the transmission belongs to Ross who, encouraged and inspired 
bv Manson, worked out the development of the malarial parasite 
m the bod} 7 of the mosquito The publication of this work was 
soon follow ed by its confirmation and extension by many different 
investigators 

A great impetus to research m this field and the most dramatic 
of them all was the proof of the transmission of yellow 7 fevei by 
the mosquito This proof was supplied by the United States 
Army Commission headed by Walter Reed (1900), who was 
assisted by James Carroll, Jesse Lazear, and Aristides Agramonte 
The significance of this discovery m the control of yellow 7 fever 
is too w T ell known to need repetition here It is sufficient to 
say that it made possible the rapid suppression of one of the most 
dreaded diseases of mankind against which medical science 
previously had been entirely helpless But this was not all 
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Foi once and all, it impressed upon the mind of scientist and 
laymen alike the importance of insects m the spread and develop¬ 
ment of diseases Entomology became an essential pait of 
medical science 

The last 35 yeais have seen a lemarkable growth m the field of 
medical entomology Insects have been shown to play a vital 
part m the epidemiology of a dozen 01 moie diseases of major 
importance affecting man or animal The stoiy of the investiga¬ 
tions leading to these discovenes is one of the most fascinating 
chapters m the histoiy of medical science For the lomantic and 
human interest side of the story, the student should lead the 
books of DeKiuif ( a The Miciobe Hunters, 55 1926), Howard 
(“Yellow Jack, 55 1933), and Kelley (“Walter Reed and Yellow 
Fever, 55 1906) 

EXAMPLES OF ANIMAL DISEASES TRANSMITTED BY INSECTS 
AND RELATED ARTHROPODS 

In ordei that we may have a basis for compaimg the i elation 
of insects to the spread and development of man and animals 
•with similar phenomena m plant pathology, it will be necessaiy 
to consider a few representative ammal diseases that aie trans¬ 
mitted by insects They will be discussed pnmanly from the 
standpoint of insect tiansmission For moie complete accounts 
of other aspects of the diseases, the leadei must consult the 
standaid medical texts The diseases wall be consideied also 
m the light of present-day knowledge, and it should be remem- 
bered that much mfoimation has been added since the work of 
the pioneers mentioned above 

Mosquitoes and Filanasis —Filanasis is a disease of man 
caused by nematode worms that inhabit the blood and lymph 
A variety of symptoms are caused, one of the most common 
being enormous swellings on various parts of the body, the condi¬ 
tion being known as “elephantiasis 55 The swellings aie often 
accompanied by ulcers and other disoideis arising fiom the stop¬ 
page of the lymphatic trunks The pathogen is a threadlike 
round worm (Ftlana bancrofti Cobbold) The disease is indi¬ 
genous m nearly all tropical and subtropical countries In 
the Umted States, it occurs m a small area around Charleston, 
S C 
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Transmission of Filar zasis —Mosquitoes aie the vectois of 
filanasis Fifteen 01 moie diffeient species are known to tians- 
imt it, and no othei method of spiead m natuie is known The 
blood of man is the natuial habitat of the filarial woim, and man 
is its definitive host, % e , the host m which the sexual stage of the 
parasite is found Larvae occui m gieat abundance m the blood 
of affected individuals, as many as 600 being found m a single 
drop The larvae, whose aveiage size is about 8 by 300 micions, 
aie sucked up with the blood by mosquitoes w T hen they feed on 



Fig 226 —Filaria laivae emerging from the labium of a mosquito a, laixae 
emerging from labium of Aedes mriagatus, b , a semi diagrammatic sketch showing 
larvae leaving labium of a feeding mosquito and bun owing into the skin {From 
Mansons “ Tropical Diseases ”) 

an infected individual The laivae enter the stomach of the 
mosquito, escape from then sheath, boie thiough the intestinal 
wall, and migrate into the thoiacic muscles Heie, in the course 
of 16 to 25 days, they undergo metamoi phosis but do not mciease 
m number The matuie laivae then migiate into the labium of 
the mosquito The laivae, which are too large to pass through 
the food canal of the mouth parts, escape thiough the end of the 
labium when the mosquito feeds on a human being (Fig 226) 
On reaching the skm of the human host, they bore through it 
and enter the blood stream Thus, the larvae aie not intro¬ 
duced into the blood by the mosquito, they boie through the 
skm by their own powei Upon xeachmg the lymphatics, 
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the worms become sexually matuie 7 fecundation occurs, and the 
females give bnth n\ipaioubly to enormous numbeis of laivae 
The new ciop of laivae enteis the blood stream, thus completing 
the cycle 

It should be noted that both man and mosquito aie necessary 
foi the completion of the life cycle of the parasite Man is the 
definitive host, the mosquito is the inteimediate host Since 
the pathogen is not injected by the feeding punctuies of the 
mosquito but penetiates the skin by its own povei, infection is 
contaminative 

Cattle Ticks and Texas Fever —Texas fever, or red-water 
fevei, is a widely distubuted disease of cattle It is character - 
lzed by a high tempeiatuie and a destiuction of the led blood 
corpuscles with the consequent red discoloiation of the urine 
It is usualty fatal although light attacks aie not uncommon It 
has been one of the most destiuctive diseases of cattle throughout 
the southern part of the United States, and the same 01 a closely 
related disease is known to occur m other parts of the world 

The disease is caused by a minute protozoan parasite of the 
red blood coipuscles ( Babesia bigemina) 

Tiansmission of Texas Fevei —Ticks are responsible for the 
transmission of Texas fevei No other method of spread m 
nature is known, although several different species of ticks mav 
serve as vectois [Boophilus annulatus (Fig 227), B dugesiu 
B discoloratus , and Ixodes nanus] When the tick feeds upon 
infected cattle, it ingests the pathogen along with the blood 
The pathogen undergoes a complicated sexual reproduction and 
multiplies in the body of the tick, large numbeis of individuals 
of a specialized form being thus produced The new forms of 
the pathogen enter the ovaries, invade the eggs, and infect the 
young “seed” ticks before they are bom, eventually finding 
then way into the salivary glands of the new" generation The 
mature female ticks fall fiom the infected cattle and deposit 
then eggs on the giound The eggs soon hatch, and the young 
ticks ciawl up on blades of glass fiom -which they succeed m 
getting onto new cattle When the ticks feed on the cattle, 
the parasites pass from the salivary glands of the ticks into the 
blood of the cattle where they infect the red blood corpuscles 

It should be noted that the tick is the definitive host and the 
cow is the intermediate host Both the tick and the cow are 
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necessaiy for the completion of the life cycle of the paiasite 
Infection is inoculative, the pathogen being introduced into the 
blood thiough the feeding punctmes of the \ ectoi The paiasite 
is transmitted congenitally thiough the egg of the vectoi, and 
the disease is not transmitted by the same tick that feeds on the 
infected cow but by its progeny Thus, two geneiations of the 
vectoi aie necessary for the completion of the tiansmission cycle 



Fig 227 —The cattle tick (Boaphilus annulatus ), the \ ectoi of Texas fe\ei 
A, engorge^ female, B , liberation of eggb (Photograph a eproduced by couitebu 
of But Animal Indus U S Department Agncultuic) 

The Tsetse Fly and the Nagana Disease of Cattle.—The 

nagana disease is very destiuctive to cattle m Afuca The 
hair falls out of affected animals, and the flesh wastes away 
There is a running of the nose and mouth accompanied by wateiy 
bhsteis Blindness eventually develops, and the disease is 
nearly always fatal The nagana disease is found only m Africa 
m legions vheie the tsetse fly is present The cause of the 
nagana disease is a trypanosome (Trypanosoma brucei ) 
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Transmission of the Nag ana Disease —This disease is trans¬ 
mitted m natuie exclusively by the tsetse fly, Glossma morntam 
(Fig 228) although it may be transmitted expenmentally by 
aitificially inoculating ammals with the blood of an infected 
animal The trypanosomes are sucked fiom the blood stream 
of affected animals by the fly and, m the body of the insect, 
undeigo a sexual developmental stage lequmng a minimum of 
10 days Dining this 10-day period, the fly is not infective, 
but aftei the incubation penod is completed the fly lemams 
infective foi a long time The pathogen may be found m the 
blood of many wild animals that show no maiked svmptoms of 



Fig 228—Tsetse flies, the vectors of sleeping sickness 1 , Glossma pal pahs, 
2, G morsitans {From Manson's “ Tropical Diseases ”) 


the disease These serve as leseivoirs fiom vlneh the pathogen 
is tiaiismitted to the domesticated cattle 

The insect vectoi m tins case is the definitive host, and the cov 
is the inteimediate host sen mg as an inteimediate host icseivon 
Infection is inoculative, the pathogen being mtioduced duectly 
into the blood stieam by the biting fly The pathogen is not 
congenitally tiansmitted m the vector, each insect acquiring it 
by sucking the blood of an infected ammal 

The Tsetse Fly and Sleeping Sickness —A disease of man veiy 
similai to the nagana disease of cattle occms m many places m 
Afuca It is indigenous to Afuca and has been piesent foi a 
long time, but, with the development of commeice and tiavel, 
it has become more widespiead and destructive The disease 
is slow and insidious, being practically always fatal It is 
chaiactenzed by dullness, apathy, and eA entually complete 
lethargy, symptoms that aie xesponsible for the name “sleeping 
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sickness ” The flagellate Trypanosoma qambiense is the casual 
agent (Fig 229) 

Transmission of Sleeping Sickness —Like the nagana disease, 
sleeping sickness is tiansmitted by seveial species of tsetse fly, 
puncipally Glossma palpalis (Fig 228) and G tachmoides The 
life history of the paiasite, its method of tiansmission and its 
host lelationships, m all essential lespects, are compaiable to 
those of the nagana disease 

Effoits to conti ol the sleeping sickness have emphasized strik¬ 
ingly the impoitance of a complete knowledge of all aspects of the 



n 

Fic 229 —Trypanosoma gambicnse, the cause ol African sleeping sickness and 
tiansmitted by Glossma palpalis Various forms from the blood and ceiebro- 
spmal fluid {From Hanson's * Tropical Diseases ”) 


tiansmission ol a disease With moie complete knowledge of the 
insect \ectois, then habits, and geogiaphical distnbution, manv 
eaily conclusions have pio\ ed untenable The most insignificant 
detail m the hfe histoiy and biology of the vectors becomes ol 
pnme impoitance m fighting the disease The marked success 
that has been attained has lesulted fiom close coopeiation 
between the entomologists and the phvsicians m their investiga¬ 
tions of all aspects of the disease and its insect vectois A 
giaphic statement of some of the pioblems involved and how thev 
aie being solved has been given by Swynneiton (1936) Theie 
aie 21 known species of Glossma indigenous to Africa, each 
leqmnng different vegetative and animal ecology foi then opti- 
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mum development Remarkable eontiol of the insects and 
sleeping sickness has been accomphshed thi ought ecological 
modification of the infested areas The use of piopeily designed 
clearings and of plant barriers, especially eveigieen bairiers, has 
been veiy effective The combined effoits of entomologists 
zoologists, botanists, and physicians have been laigelv response 
ble foi the success attained 

Mosquitoes and Malaria—Malaria is said to be the woist 
scoui ge of mankind It is one of the most widely distributed 

Common or Culex Malarial orAnopheles YellowFever or Aedes 



Fig 230 —The life stages of three t^pes of mosquitoes, C ulex , Anoph*h* and 
Aedcs The latter two tjpes are \ectois of malana and \ ellow fe\ ei, iespecti\eb 
C From “Everyday Problems in SciencePieper and Beauchamp copyrighted by 
Scott Foresman <£ Company, after Metcalf and Flint ) 

diseases affecting man, occumng thioughout the tiopical and 
subtropical legions of the w oild It is not so fatal as certain other 
diseases, but its debilitating effect on such a high percentage 
of the population makes it a serious factoi m the health of man 
The characteristic symptoms of malana are mteimittent “chills” 
followed by fever and a chiomc languoi and debility 

Malana is caused by minute protozoa that invade and destroy 
the red blood corpuscles Three different species are recognized, 
each causing a distinct type of malana (1) Plasmodium mvax , 
causing tertian, or benign, malana, (2) P malanae, causing 
quartan malana, and (3) P falciparum , causing malignant oi 
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estivo-autumnal malana The benign, 01 teitian, malana is the 
most prevalent type m North America 

Transmission of Malana —Mosquitoes of the genus Anopheles 
(Fig 230) aie the only known agents of tiansmission of malana 
The common Culex mosquito is not a vectoi Many different 
species may transmit the disease, but not all of them tiansmit it 
with the same degiee of effectiveness The i elation of the mos- 



Fig 231—The life cjcle of the malanal pathogen m man and mosquito 
illustrated diagrammaticalb The spoiozoites aie mtioduced into the blood of 
man from the saiuaiy glands of the mosquito {a) In the human blood stieam 
the paiasite multiplies asexually (c to /) forming micio- and macrogametocytes 
(g to j) When the patient is bitten by a mosquito, these aie taken mto the 
body of the insect uhere the parasite multiplies sexually ( o to p) , the salnaiy 
glands becoming chaiged with sporozoites ( q ) completing the cycle ( After 
Kudo ‘ Protozoologysecond edition ,, by permission of Charles C Thomas 
publisher) 


qiuto to malana has been studied extensively and constitutes 
what is peihaps the best-known example of insect tiansmission 
of a disease The life history of the pathogen m the human bod^ 
and m the mosquito has been worked out m gieat detail and is 
desenbed adequately m many standaid texts The relationship 
of the mosquito and Plasmodium vivax is, briefly, as follows 
In the blood of the human body, the plasmodium inhabits the 
red coipuscles where it multiplies asexuallv, causing the cell to 
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swell and burst, libeiatmg fiom 15 to 24 merozoites , each, of which 
attacks a new led cell and xepeats the piocess in about 48 hours 
After several days of asexual multiplication, male and female 
cells {micro- and macrogametocytes ) are foimed No fuither 
change m the life cycle of the pathogen takes place m the human 
body, the mosquito being essential foi furthei development 
When an infected person is bitten by an anophehne mosquito, the 
sex cells of the pathogen are ingested with the blood (Fig 231) 
Fertilization takes place m the stomach of the mosquito, forming 
a zygote The zygote, or ookinete, penetiates the wall of the 
mosquito’s stomach, where it enlarges and tiansfoims into an 
oocyst After a time, the enlaiged oocyst bursts and hbeiates 
into the body cavity a large number of minute sporozoites w hich 
invade the salivaiy glands and are ready to be injected into the 
blood stieam of the next victim that the mosquito bites The 
incubation period, oi the time required foi the completion of 
the cycle m the insect, is 8 to 14 days The pathogen may li\ e 
foi seveial months m the mosquito but does not usually suivrve 
the winter m the insect’s body, although such suivival is possible 
The gametocytes may suivive foi long penods of time m the 
blood of man, even though they mav not cause active symptoms 
of malana Individuals that haiboi the gametocytes but ha\e 
no active symptoms aie called “cameis” and aie nnpoitant 
souices of infection Buds and other animals aie subject to 
malana caused by similai but diffeient species of the paiasite 
They aie not intermediate host reseivons foi the malaria that 
affects man 

Mosquitoes and Yellow Fever —Yellow fever is among the 
most virulent diseases of man and has been one of the most 
dieaded of all epidemic diseases It is acute and noncontagious, 
causing piostiation, jaundice, and hemonhages, and the per¬ 
centage of fatalities is high The disease was veiy pievalent foi 
many yeais m the aieas boideung on the Caribbean Sea, and 
although it was known to occui m othei paits of the world, it 
was generally considered to be of American origin It w T as 
recognized as a disease of civilized legions, apparently being 
transmitted only by the domestic mosquito [Aedes aegypti (L )], 
but with the discovery of endemic yellow fever among the natives 
of Central Africa and South America, m the absence of A aegypti, 
the whole question was reopened (Carter 1931, Shannon, Whit- 
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man and Fianca 1938) Yellow fevei is caused by a filterable 
vnus 

Transmission of Yellow Fever —Yellow fevei, like malaria, is 
transmitted only by mosquitoes No othei method of trans¬ 
mission is known For a long time after the first demonstration 
of mosquito transmission by Reed and his associates m 1900, it 
was believed that only one species (Aedes aegypti ) (Fig 230) was 
capable of transmitting it Experimental woik on transmission 
v r as long handicapped by the absence of any known hosts other 
than man In 1928, Stokes, Bauer, and Hudson showed that 
certain monkeys were susceptible to yellow fever, and wnth the 
aid of this new experimental animal Bauer (1928), Shannon, 
Whitman, and Franca (1938) and others soon demonstiated that 
mosquitoes other than A aegypti are effective vectors Now r 
it is knowm that a dozen or moie different species may transmit 
the virus Many of these are species inhabiting the jungles, and 
the mi us has been demonstrated m mosquitoes caught m then 
native jungle habitat 

The incubation period of yellow fevei m man is 3 to 7 days 
The v r ork of Reed and his associates indicated that m older to 
transnnt the virus the mosquito must feed upon an infected man 
during the first 3 oi 4 days after the initial symptoms of the 
disease In monkeys, hov r ever, the virus persists m the blood 
stream throughout the course of the disease and may be acqun ed 
b} r the mosquitoes at any time An incubation period of 9 to 14 
days m the mosquito is lequired befoie the vnus can be trans¬ 
mitted The nature of this incubation penod and what changes, 
if anv, occur m the virus aie not known After the incubation 
penod, the mosquito is capable of transmitting the vnus as long 
as it fives A single bite of one infected mosquito is sufficient 
to produce infection Although congenital transmission of the 
virus m the mosquito has been claimed by some workers, the 
more recent evidence has failed to support the claim 

As soon as it was learned that yellow fevei was transmitted by 
mosquitoes, efforts w r ere made to control the disease by exter¬ 
minating the mosquitoes So successful w T eie these efforts that 
the disease practically has been eliminated fiom the moie civil¬ 
ized regions of America Equally successful i esults were obtained 
in the Philippine Islands, but only after a careful study was made 
of the habits of the mosquitoes responsible for its spiead The 
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active vectoi in the Philippines has bleeding habits so different 
fiom those of A aegypti that the measures used m Cuba and 
Panama would not have been effective In fact, the breeding 
habits of the diffeient species vary widely, and the conti ol of 
yellow fevei m any region must be based laigely on a complete 
knowledge of the life history and breeding habits of all the 
mosquitoes capable of tiansmittmg the virus 

Mosquitoes and Dengue —Dengue, or breakbone fever, is 
pievalent thioughout many tiopical and subtiopical legions of 
the world It is characterized by headache and seveie body and 
limb pains but is larely evei fatal It is infectious and often 
occuis m epidemic piopoitions There was a seveie epidemic m 
Texas and neighboring states m 1922 The cause of the disease is 
not known definitely, but the infectious agent has many of the 
chaiactenstics of a virus 

Transmission of Dengue —Dengue is transmitted by mos¬ 
quitoes, the most important species being Aedes aegypti and A 
albopictus The method of transmission is similar to that of 
yellow fevei m all essential respects The virus appeals to be m 
the blood stream and can be acquired by the mosquitoes only 
duung the first 3 days of the attack An incubation period of 8 
to 11 days m the mosquito is necessary before transmission is 
possible The mosquito letams the virus for the length of its 
life, but there is no evidence of congenital transmission by the 
mosquito Monkeys are susceptible but show no clinical symp¬ 
toms, although they may serve as ammal reservoirs 

Fleas and Bubonic Plague. —Bubomc plague is an acute infec¬ 
tious disease affecting both man and rodents It is a bacterial 
disease caused by Pastewella pestis (Lehman and Neuman) 
Bergey et al In man, it is characterized by swellings of the 
lvmphatic glands, usually on the neck, armpits, or gioms, often 
accompanied by black spots or blotches under the skin There 
is sometrmes a secondary congestion of the lungs causing the 
so-called “pneumonic” form of the disease Plague is highlv 
fatal to both man and rodents It is the Black Death of the 
Middle Ages and was the cause of the Gieat Plague of London 
m the seventeenth century The devastating nature of \ts 
epidemics made it one of the most dreaded of the diseases of man 

Transmission of the Plague —Plague is primarily a disease of 
lodents, rats, mice, ground squirrels, and many other species are 
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affected It may be transmitted by diiect inoculation, but m 
nature the puncipal agents of tiansmission aie fleas Any flea 
that feeds upon both lodents and man may tiansmit the disease 
to man, and most of the fleas that feed upon lodents will, undei 
ceitam conditions, feed on man Man is most frequently 
affected when lats die of plague and the fleas leave the dead rats 
and infest man Because of the life habits of rats which infest 
human habitations, they aie the most dangerous of the rodents 
m spreading the disease among man The black rat (Rattus 
lattus ) and the brown rat (Rattus norvegicus) are species most 
concerned More than a dozen species of fleas may transmit 
plague, but the Indian lat flea (Xenopsylla cheopsis ) is the most 
universally important one 

The flea is not a tiue intei mediate host for the plague bactena, 
for no cyclic development occuis within its body Theiefoie, it 
is not the only possible agent of tiansmission Artificial dnect 
inoculation is effective, and the disease can be transmitted by any 
agency that is capable of introducing the bacteria into the blood 
Howevei, m nature the rat flea is the most effective vector and 
the only one of any great significance 

The bactena multiply m the bodies of the fleas that have fed 
on infected rats The bacteria may pass thiough the intestinal 
tiact m a viable condition, contaminate the skin, and gam 
entiance through wounds made by sciatchmg The bactena 
also may be inoculated diiectly undei the skin m the feeding 
piocess by ceitam individual fleas m which the stomach opening 
is clogged so that blood and bactena aie leguigitated and foiced 
back into the feeding wounds Tiansmission, theiefoie, may be 
either contaminative or inoculative 

The control of plague is based upon the destruction of the lat 
and its fleas The disease is commonly spread to new legions b> 
lats earned on ships, the infected rats leaving the ship and stait- 
mg an epidemic on shore Ships fiom infected ports are fumi¬ 
gated not to kill the germs directly but to kill the lats and their 
fleas Conti ol by this means has been very successful m the more 
civilized countries, but m some of the less advanced tropical 
countries the disease still persists Also, where the native wnld 
rodents have become infected they serve as potential reservoirs 
from which the disease may spread to the semidomesticated rats 
and from them to man 
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Lice and Typhus Fever —Typhus fever is a disease of ancient 
origin and of wide distribution It is most prevalent m temperate 
and cold climates and is closely associated with crowded and 
unsanitary living conditions It is usualty pievalent among 
armies m waitime The moitality varies fiom 5 to 50 pei cent 
Typhus fevei is caused by Rickettsia prowazekn , a minute mtia- 
cellulai miciooigamsm found m the epithelium of the intestines 
of lice as well as m the blood of man when affected with the 
disease 

Transmission of Typhus Fever —Lice (Pediculus humanus ) 
are the agents of typhus transmission, the disease having been 
transmitted expenmentally by lice fiom monkey to monkey 
No othei insect vector is known There is a requned incubation 
penod of 8 to 9 days m the louse before it can transmit the 
disease Transmission may be inoculative through the feeding 
punctures of infected lice, ox contaminative by infected excreta 
of infected lice, the pathogen entering through abiasions m the 
skin such as those made when the infested person scratches 
himself The crushed bodies of infected lice also may serve as a 
souice of inoculum There are some indications that the 
pathogen may be congenitally transmitted in the louse, but the 
evidence is not conclusive 

Lice and Trench Fever —Trench fever is a disease similar m 
many respects to typhus fever, but much less fatal It was 
pievalent among the soldiers of the World Wai and was first 
recognized as a distinct disease at that time It is caused by 
Rickettsia qumtana , a microorganism found consistently m the 
stomach of infected lice 

Transmission of Tiench Fever —Trench fevei is infectious and 
may be transmitted by artificial inoculation but m natuie i^ 
transmitted almost exclusively by lice (Pediculus humanus ) 
Transmission may be inoculative, the pathogen being introduced 
into the blood through the feeding of infected lice, or contamina¬ 
tive through the excreta of lice coming m contact wnth abrasions 
m the skin An incubation period of 5 to 9 days m the lice is 
necessary before transmission is possible by either means The 
pathogen is not congenitally transmitted through the eggs of tJie 
lice 

Flies and Typhoid Fever —Typhoid fever is an enteric infection 
caused by Ebertheila typhosa (Zopf) Weldm The pathogen is 
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pnmanly a paiasite and does not survive veiy long outside of 
the human body, but it may survive long enough to be trans¬ 
mitted through food and dunking watei It is found pun- 
cipally m the intestines, unnaiy bladdei, gall bladdei, and blood 
stream The bacteria aie voided m great numbers m the 
excrement and urine of affected individuals Infection follows 
ingestion of the bacteria, which occuis most frequently as a 
lesult of using contaminated food 01 drinking watei 

Transmission of Typhoid Fever —Because of the method of 
infection and the prevalence of the pathogen m the excretory 
products of typhoid patients, the transmission of typhoid fever 
is accomplished largely by the contamination of food and drink 
with bacteria from exposed excrement 01 untieated sew’age 
This contamination may be bi ought about m seveial ways 
One of the most common is through direct contamination of the 
water supply from fresh excrement 01 sewage, another common 
method is by direct contamination of food oi milk thiough han¬ 
dling by a 4 chronic carrier, a peison who has lecoveied fiom 
typhoid fever but continues to pass the pathogenic bacteria 
m the feces or urine Fortunately only a small peicentage of 
recovered patients are carneis The common housefly (Musca 
domestica L ) also has been incriminated as a vectoi of the typhoid 
bacillus Houseflies aie common inhabitants of sewage and 
exposed human feces, they not only w r alk ovei the contaminated 
material but feed upon it and ingest the bactena, they also bleed 
m contaminated matenal and aie common visitois to exposed 
food and milk It has been demonstiated that the typhoid 
bactena may survive wnthin the pupana of the housefly (Bacot 
1911) but m view’ of the abundant oppoitunity foi contamination 
m other ways it is not known how r impoitant this fact is m the 
epidemiology of the disease Its chief significance wrnuld 
probably be m preserving the bactena ovei an unfavorable 
period 

The housefly, m addition to being a vector of typhoid fevei, 
has been incriminated along with closely i elated species as a 
vector of a numbei of other animal diseases In all cases, the 
method of transmission is essentially the same, infection being 
contaminative and resulting fiom the pathogen borne either 
eternally or internally by the vector In the lattei case, the 
contamination follows regurgitation or defecation 
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A BRIEF COMPARISON OF INSECT TRANSMISSION OF PLANT AND 
ANIMAL DISEASES 

The foregoing examples are fairly lepiesentative of the most 
important insect-transmitted diseases of animals and offer a 
basis foi companson with msect-ti ansmitted plant diseases To 
facilitate the companson, a tabulai summary of the phenomena 
of insect transmission, as lepiesented by these diseases, is given 
m the appendix, along with similar tables foi lepresentative 
insect-transmitted plant diseases It will be noted that there 
are many striking similarities m the phenomena associated with 
insect tiansmission of the two kinds of disease There are 
also a numbei of significant differences In geneial, the same 
kinds of pathogen aie involved in both groups of insect-trans¬ 
mitted diseases The virus diseases constitute the largest group 
of insect-transmitted plant diseases, followed by the fungus and 
bactenal diseases, with only a few T caused by piotozoa Diseases 
caused by piotozoa lead the list of insect-transmitted ammal 
diseases, followed closely by Rickettsia and viruses and a smaller 
numbei of bacterial diseases Theie appear to be no fungus 
diseases of animals that are transmitted to any extent by insects 

There is a wide vanation m the specificity of the relationships 
between vector and disease m both groups In plants, the more 
highly specialized relationships are found m the virus diseases 
which aie, for the most pait, transmitted by the sucking insects 
Similar specialized relationships are found m the virus diseases 
of animals and m many animal diseases caused by piotozoa 
that aie tiansmitted onlv by certain bloodsucking insects The 
highest degree of specialization is found m the latter group wheie 
the insect vector is often a definitive host and is necessary foi 
the completion of the life cycle of the pathogen Although theie 
aie seveial plant diseases m which the insect vector is obligatory, 
the definitive-host lelationship is not knowm, with the possible 
exception of one or two incompletely studied cases among the 
endophytic piotozoa As an example may be mentioned 
Phytomonas davidi causing a flagellosis of Euphorbia This 
phytopathogemc flagellate is transmitted by Stenocephalus 
agihs which. Franca (1920a) claims is a definitive host, having 
seen what he interpreted as a sexual stage of the flagellate m 
the insect 
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In so far as is known, animal diseases, such as typhus fevei 
and tiench fevei, aie transmitted m nature by a single species 
of insect Among plant diseases, the cuily top of sugai beet 
peach yellows, cianberry false blossom, and a few other vnus 
diseases aie each transmitted by a single species of insect 

Malaria is transmitted only by mosquitoes of the genus 
Anopheles whereas yellow fevei is tiansmitted by seveial gencia 
of mosquitoes Similar examples of gioup specificity are found 
among the plant diseases as lepiesented by com streak, tians¬ 
mitted by thiee species of Cicaduhna, and by potato leaf loll, 
transmitted by seveial geneia of aphids 

The necessity foi an incubation penod m the body of the 
insect vectoi is a phenomenon common to tiansmission ol both 
plant and animal diseases In the case of protozoal pathogens 
vheie a cyclic de\ elopment is known, the natuie of the incubation 
penod is obvious, but the natuie of the incubation penod m 
vectors of vims diseases of both plants and animals is not 
definitely known 

Congenital transmission of the pathogen occurs m vectors of 
both plant and ammal diseases but is not a common phenomenon 
m either group The piotozoal pathogen of Texas fever is 
congenitally transmitted by the cattle tick, and the vnus of the 
dwarf disease of rice is transmitted m a similar manner to 
successive generations of the leaf hoppei (Nephotelhx apicalis ) 

In refeience to both plant and animal diseases, a knowledge 
of the phenomena of insect transmission has aided gieatly m 
the control of the diseases concerned The limits of possible 
control, however, have not been reached There is much yet 
to be gained through more extensive studies of insect transmission 
of plant diseases, and those who investigate the field will profit 
greatly by acquainting themselves wnth what has been accom¬ 
plished m the study of insect transmission of animal diseases 
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CHAPTER XVII 


METHODS OF INVESTIGATING THE RELATION OF 
INSECTS TO THE SPREAD AND DEVELOPMENT OF 
PLANT DISEASES 

Reseai ch m the field of insect tiansmission of plant diseases 
does not differ fiom that m any other field of biology m so fax 
as the basic principles aie concerned The same general pro¬ 
cedures aie necessary Observation, experimentation, analysis 
and interpretation of data, constructive imagination for the 
building of working hypotheses, and mfeience, both deductive 
and inductive, aie all essential The technical methods involved, 
however, are umque m that they embiace those of two distinctly 
different fields of research, namely, phytopathology and ento¬ 
mology Woikers m each of these two fields have developed a 
senes of technical methods particularly adapted to then needs, 
and each gioup of workers is relatively unfamiliar with the 
techniques of the other group Few workers trained primarily 
as plant pathologists have had much expenence m handling and 
iearing insects The average entomologist likewise has had 
little experience with the bacteriological and mycological tech¬ 
niques that aie basic necessities m the study of plant diseases 
The lack of famihanty with eithei type of technique is a great 
hindrance m the study of msect-tiansmission problems and often 
discourages an investigator from doing woik m the field 

The investigation of problems m insect transmission of plant 
diseases is often done cooperatively by one or more workers 
from each field This is desirable because of the added expe¬ 
rience and knowledge of techniques brought to bear on the 
problem Theoretically, the problem of techmques could be 
solved by cooperation m which the work requiring entomological 
technique would be done by the entomologist and that requiring 
phvtopathological technique by the phytopathologist In prac¬ 
tice, however, such strict division of labor is rarely successful 
Cooperative research organized on this basis often is httle moie 
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than regimentation, and when lesearch is legimented the spirit 
of adventuie is lost Expenence has shown that legimented 
leseaich is rarely, if ever, products e leseaich It is sometimes 
stated that among social insects, such as bees, ants, and ter mi tes, 
the welfaie and personal interests of the individual aie completely 
subordinated to the welfaie of the group and that a similai social 
oigamzation should be striven foi m human endeavois This 
stage of social development, hovevei, has not been leached m 
human society, and complete subordination of personal interest 
is not found often m cooperative research Because of the 
personal equation involved, a less highly socialized and more 
flexible plan of coopeiation is more likely to be successful 
Moreover, it is frequently impossible to make sharp divisions 
of the w r oik on the basis of technique More often than not, the 
two kinds of technique and the pioblems being investigated aie so 
closely interrelated that no practical division is possible 

It is beyond the scope of this book to present an extensive 
discussion of the techniques of plant pathological and entomo¬ 
logical leseaich In this chaptei, certain geneial principles 
peculiar to the problem of insect transmission wall be discussed 
briefly, and a few items of technique that aie dnectlv applicable 
to the subject will be described The principles and techniques 
of leseaich m plant pathology have been tieated by Rikei and 
Riker (1936) and Rawlins (1933), and Peteison (1934, 1937) has 
published w ell-illustiated manuals of entomological equipment 
and methods These publications will be found very helpful 
by the student of insect transmission of plant diseases 

KOCH’S POSTULATES 

Before a satisfactory study of insect transmission of a plant 
disease can be made, it is necessary to learn as much as possible 
about the nature and cause of the disease that is transmitted 
If the disease is caused by a miciooiganism, it is highly desnable 
that the nature and identity of the organism be known and its 
pathogenicity proved beyond doubt In the last quaiter of the 
nineteenth century, shortly after the discovery that bacteria 
could cause ammal diseases, many species of bacteria w r ere 
reported as causing disease but adequate proof of pathogenicity 
w r as often lacking In an effort to discourage this practice, 
Koch (1883) pubhshed a statement of certain requirements 
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that he thought should be met before a claim of pathogenicity 
is made These requirements have been accepted m punciple 
by both ammal and plant pathologists They aie geneially 
known as “ Koch’s postulates ” Eveiy mvestigatoi who works 
with insect transmission of a disease should be familial with them 
They may be stated briefly as follows 

1 It must be demonstrated that the microorganism occurs consistently 
associated with the disease m question 

2 The microorganism must be isolated in pure oultuie ind adequately 
described 

3 The disease, with characteristic symptoms, must be lepioduced by 
artificial inoculation of a suitable suscept with the miciooigamsm m puie 
culture 

4 The microorganism must be reisolated from the inoculated suscept 
and identified w ith the one used for inoculation 

Obviously, it has not been possible to apply these postulates 
to those diseases caused by obligate parasites and by vims 
diseases, foi no technique foi giowing these pathogens m artificial 
oultuie is knowm Othei ciitena of pioof must be used foi such 
diseases The ielation of Koch's postulates to vnus diseases, 
with paiticulai leference to animal diseases, has been discussed 
by Rivers (1937), who points out that the spmt of the postulates 
can be met even though the virus cannot be cultivated m artificial 
media 

Complete proof, m the spmt of Koch's postulates, that a vnus 
is the cause of a plant disease would lequire the demonstration 
of the following facts 

1 That inoculum taken from the diseased plant and freed from oidmary 
microbes by filtiation or othei means will cause the disease when inoculated 
into healthy plants 

2 That the infectious igent was neithei fortuitously present m the inocu¬ 
lated plant nor introduced from some extraneous source (this can be demon¬ 
strated by adequate cheeks m the inoculation experiments) 

If the disease is transmitted by insects and not by artificial 
sap inoculation, complete compliance wall require transmission 
by feeding the insect vector on filtered extracts from the diseased 
plants and subsequently letting it feed upon healthy plants 
Methods useful for this have been described by Carter (1927, 
1928), Severn and Swezy (1928), Storey (1932), Bennett (1935), 
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Bennett and Esau (1936), and others Several different types 
of insect cage adapted to feeding the insects on filtered plant 
extiacts have been used All make use of a thin membiane 


winch sepaiates the liquid fiom the 
insects and through v hich the 
insects feed The feeding cage used 
by Stoiey (1932) in feeding the leaf 
hopper (Cicaduhna rnbila) on fil- 
teied extiact from corn affected 
with stieak is shown m section m 
Fig 232 The membrane used is 
that known as “Baudiuche capping 
skin” and has proved to be \eiy 
satisfactory foi this pui pose The 
filtered juices aie placed m the 
upper section and the leaf hoppeis 
m the low ei The cage is set up so 
that the stiongest source of light 
for the hoppeis is seen thiough the 
membiane By vntue of the light, 
the insects aie attiacted to the 
membrane, thiough which they feed 
upon the drops of filtered extiact 
The cages used by Bennett (1935) 
for feeding the sugai-beet leaf 
hopper on extiacts from beets 
affected with curly top aie of similai 
constiuction, but the insects weie 
placed m the uppei chambei and 
drops of the liquid were placed on 



Fig 232 —A con\ ement feed- 


the undeiside of the membrane 
Other modifications of this feeding 


mg cage foi feeding-sucking 
insects on filtered plant extiacts 
or other solutions a, Glass tube 


cage have been described by 
Hamilton (1930) Fife (1932) has 
devised a method m which paraffin 
sections cut 60 micions thick aie 
substituted for the usual mem¬ 
brane When small drops of liquid 
aie placed on the paraffin, the insects (Eutethx tenellus) readily 
penetrated the thm slice of paraffin and fed upon the liquid 


containing the feeding fluid, b 
membrane of Baudruehe capping 
membrane, c, rubber stopper d, 
glass tube 8 inches long and 1 
inch in diameter m •which the 
insects are caged e mushn 
cover, /, rubber band (After 
Storey ) 
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By vntue of the small drops of liquid used, this method was 
valuable m detei mining the pH of the salivary secretions of the 
insect and optimum pH of artificial nutnent solutions 

The hquid used by Storey foi feeding the leaf hoppeis was 
prepared by ciushmg diseased corn plants and squeezing out 
the juice, filtering it first thiough paper pulp, and mixing the 
filtrate with an equal pait of a 20 per cent sucrose solution 
Tins fluid was then mixed with a suspension of test bactena and 
filtered through Chamberlain and Berkfeld filters The filtrates 
weie tested for sterility and then used foi feeding the leaf hoppers, 
winch, after feeding on the liquid foi 24 hours, acquired the virus 
and transmitted the disease to healthy plants by feeding This 
method is not only valuable for proving the filter ability of viruses 
that are transmitted solely by insects but is useful also m the 
study of other aspects of the problem The method has been 
used by Bennett (1935) and Bennett and Esau (1936) m studies 
of the piopeities of the curly-top virus and the movement of the 
111118 m the plant In these studies, an improved technique of 
preparing extracts for use m feeding the leaf hopper was de\ lsed 

Juice was expressed from the tissues to be tested and added to an 
equal volume of 95-per cent alcohol The resulting precipitate was 
thrown down by centrifugation, washed once with 50-pei cent alcohol, 
dried, mixed with a volume of 5-per cent sugar solution equal to the 
original \olume of juice, and centrifuged, and the supernatant hquid 
was used to feed non-viruliferous leaf hoppers 

The moie lecent woik of Vinson and Petie (1929, 1931), 
Stanley (1936a, 19366), Thornberry (1938), Vinson, McReynolds, 
and Gingrich (1939), and otheis, m which techniques have been 
devised foi isolating virus proteins m crystalline foim, may 
provide a more dnect way of meeting the iequnements foi proof 
that diseases are caused by viruses The techniques foi isolat¬ 
ing the vims proteins have not vet been standardized adequately, 
and continued study wall doubtless lesult m many refinements 
over the ones in use at the present time The original method 
used by Stanley (1936a), who first isolated the virus protein m 
crystalline form, was soon modified and improved so that the 
yield of crystalline protein was practically doubled (Stanley 
19366) The original method consisted m the precipitation with 
ammonium sulphate of the globulin fraction from a dilute 
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disodium phosphate extract of frozen, maeeiated, infected plants, 
and the removal of the coloring matenal by tieatment with lead 
subacetate and celite In the impioved method, lead subacetate 
is not used, the piecipitation and clearing being accomplished 
with ammonium sulphate, cehte, and calcium oxide The 
essential steps m the method aie as follows (Stanley 19365) 
Tobacco plants affected wnth mosaic are cut, frozen, and put 
through a meat gnnder, and the pulp is exti acted twice m a 
fruit pi ess with 0 1m sodium phosphate at pH 7 The two 
extiacts, each of wdnch should equal about 70 pei cent of the 
volume of the original pulp, aie combined, and ammonium 
sulphate is added at the rate of 300 giams to 1,000 cubic centi- 
meteis of extract The precipitated globuhn is collected by 
gravity filtration through papei and wdien analyzed should 
yield almost 2 giams of piotem to each 1,000 cubic centimeters 
of original extiact The piecipitate is dissolved m 01 m 
sodium phosphate solution at pH 7 and filteied, with suction 
through a thin (0 5 centimetei) layei of celite (Hyflo Standaid- 
cel) on a Buchner funnel The celite filtei cake is washed with 
0 1m sodium phosphate at pH 7, and the piotem m the 
filtrate is piecipitated with ammonium sulphate, added at the 
rate of 20 giams to 100 cubic centimeteis of filtiate The pie¬ 
cipitated protein is collected on filtei papei and dissolved m 0 1 
m sodium phosphate at pH 7 About 8 to 11 pei cent by 
weight of ammomum sulphate is added, producing a slightly 
tuibid solution wdnch is filteied thiough a thin lajei of cehte, 
with suction, on a Buchnei funnel The celite filtei cake is 
washed with 8 pei cent ammonium sulphate solution and this 
filtiate added to the pievious filtrate Enough ammomum 
sulphate is added to the combined filtiates to bung the ammo¬ 
mum sulphate concentiation up to 20 pei cent by weight The 
precipitated protein is then lemoved by filtiation thiough a thm 
layei of cehte on a Buchner funnel All the vnus protein is 
letamed on the cehte and can be lemoved b> ext 1 acting thiee 
times with 0 1m sodium phosphate solution at pH 7 The 
filtrate is adjusted to pH 4 5 by the addition of 3 m sul¬ 
phuric acid and filtered through a thm lavei of celite The 
celite filter cake is then suspended m 300 cubic centimeters of 
watei, the reaction being adjusted to pH 8 by the addition of an 
aqueous suspension of 5 pei cent calcium oxide, and filtered with 
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suction thiough celite on a Buchner funnel The celite filtei 
cake is extracted with watei at pH 8 and should yield a practi¬ 
cally coloiless opalescent solution The piotem is then crys¬ 
tallized by adding to 750 cubic centimeteis of the solution 75 
grams of solid ammonium sulphate, then 6 cubic centimeteis of 
a solution of 5 per cent glacial acetic acid m 0 5 satui ated ammo¬ 
nium sluphate, and finally 20 cubic centimeters of satui ated 
ammonium sulphate solution 

The proceduie above may vary with the plants used In 
the extraction of the tobacco-mosaic vnus, plants inoculated 
when they aie young and exti acted about 4 weeks after inocula¬ 
tion give higher yields of puie crystals than plants inoculated 
when old The pH of the solutions duiing exti action should be 
carefully controlled and should nevei be allowed to become 
greatei than pH 8 5 In the more alkaline solutions the pi otems 
aie denatured with loss of infective power 

Thornbeiry (1938") has described a modification of Stanley’s 
method m which the pieviously fiozen pulp is heated at 40°C 
before extraction 

Vinson, McReynolds, and Gmgnch (1939) xecommend the 
use of solid sodium sulphate instead of ammonium sulphate foi 
salting out the vnus m ciystalline foim They point out that 
the use of a mtiogenous salt to salt out a nitrogenous body is 
not desnable because of the dangei of including some of the salt¬ 
ing agent in the piecipitate They believe that the highei 
nitrogen content (20 pei cent) lepoited foi eailiei isolations of 
the virus as compaied with latei estimates (16 7 pei cent) can be 
explained on the basis of admixtuies of ammonium sulphate 
which has a mti ogen content of 21 2 pei cent 

Solid sodium sulphate may be used foi salting out the vnus 
fiom fi actions punfied by any one of seveial methods The 
initial piecipitation fiom the expiessed puces may be made with 
lead acetate (Vinson and Petie 1931), with safframn (Vinson 
1932), wnth acid (Vinson 1936), oi w r ith solid anhydious sodium 
sulphate following acidification to pH 4 The precipitate is then 
dispersed m a dilute solution of sodium phosphate at pH 7 
After ad]usting to pH 4, the virus is precipitated by adding the 
solid sodium sulphate 

Most of the ash may be removed from the precipitate by wash¬ 
ing with dilute acetic acid at pH 3 5, and the blown pigment is 
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readily removed by shaking a neutral phosphate dispersion of 
the crystalline virus with a volume of ethei equal to about 30 
per cent of the suspension and remo\ mg the ether by centrifuging 

The chemical and physical propeities of the viruses isolated 
by any of these methods may be studied, and the purified \irus 
may be used m direct inoculation studies So far, the only 
viruses that have been obtained m crystalline foim aie readily 
transmitted by artificial sap inoculation Viruses that have 
been transmitted only by insects or by grafting may offer greater 
difficulties 

The proof of the vnus nature of those diseases which have 
been transmitted only by grafting obviously does not meet the 
requirements stated above These diseases are assumed to be 
caused by viruses merely on the basis of general similarity to 
other known virus diseases No satisfactory method of comply¬ 
ing with Koch’s postulates has been devised tor this gioup of 
diseases If no insect vectors aie ever found for these diseases, 
the isolation of the vnus proteins and then use for remoeulation 
possibly may provide a means of piovmg then true nature 

RULES OF PROOF FOR INSECT TRANSMISSION 

Just as bacteria have been described without adequate proof, as 
being pathogenic, so have many species of insect been reported, 
with insufficient evidence, to be vectois of plant diseases Incom¬ 
plete repoits often remain unverified and lead to confusion m 
the literature It is desnable, theiefore, that certain definite 
requirements be met before it is concluded that an insect is a 
vectoi of a plant pathogen It is believed that the following 
requirements constitute the minimum foi adequate proof of 
insect transmission of a plant disease 

1 A close, although not necessarily a constant, association of the insect 
with diseased plants must be demonstrated 

2 It must be demonstrated that the insect also regularly visits healthy^ 
plants under conditions suitable for the transmission of the disease 

3 The presence of the pathogen or virus m or on the insect m nature or 
following visitation to a diseased plant must be demonstrated 

4 The disease must be produced experimentally by r insect visitation 
under controlled conditions with adequate checks 

When evidence is presented that an insect is a vector of a 
plant disease, it should always meet the above four requirements 
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It is equally necessaiy that the postulates of Koch be observed, 
for if theie is an enor m the diagnosis of the disease the remamdei 
of the evidence is invalidated 

SUPPLEMENTARY DATA 

When an insect is incriminated as a vector of a plant disease, 
its relative impoitance m relation to othei agents of transmission 
always should be determined m so fai as possible, foi only when 
this is known can the discovery be utilized effectively m a piacti- 
cal plan for conti ollmg the disease It is important also to deter¬ 
mine whether the insect is a vector of pumary inoculum 01 of 
secondaiy inoculum or of both An insect that is a vectoi of 
pumary inoculum may be of much gi eater significance m the 
epiphytology of a disease than one which is concerned only with 
the dissemination of secondaiy inoculum 

In Chap III, it was shown that insects may influence the 
development of plant diseases m seveial ways The insect 
may serve only as an agent of dissemination of the pathogen, 
or it may also be responsible foi inoculation, for mgiession, and 
for pieseivation of the pathogen over periods of unfavorable 
environment The extent to which the insect peifoims each of 
these various functions should be determined 

The ability of a suspected vector to transmit a disease should 
be tested m all stages of development It has been shown that 
the ability of ceitam vectors to acquire the inoculum, or to trans¬ 
mit it, vanes greatly wnth age Foi example, Thnps tabaci, the 
vectoi of spotted wilt, cannot acquire the virus by feeding as an 
adult on infected plants but acqunes it leadily m the laival 
stage Having acquired the \nus as a larva, the insect remains 
infective thiough metamorphosis and transmits the vnus as an 
imago As another example may be mentioned the tmgid bug 
(Piesma quadrata), the vector of sugai-beet leaf cuil, which is 
unable to transmit the virus m the laival stage but leadily 
acquires and transmits it as an adult The leverse of this situa¬ 
tion exists m the case of certain toxicogemc insects w r hich aie 
toxmiferous only m the nymphal stage Thus it has been 
demonstrated that psyllid yellows of potatoes is caused only 
by the nymph of Paratnoza cocker elk , the adult psyllid being 
unable to cause the disease 
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It has been demonstrated by seveial workers that there aie 
strains within a species of insect, some of which transmit a virus 
leadily wheieas others are totally unable to do so The recogni¬ 
tion of this fact makes it impel ative that more than one strain 
of a species be tested, especially when negative or inconsistent 
lesults are obtained with a suspected vector 

TAXONOMIC PROBLEMS 

The importance of coirect identification of the insects studied 
as possible vectors cannot be overemphasized Much confusion 
has been caused by incomplete 01 mconect identification of 
newly discoveied vectois Insect taxonomy is a mattei foi the 
specialist, and cutical identification of species on which significant 
data aie published should not be attempted by the novice The 
best plan is to submit caiefully chosen specimens to a well- 
recognized authority on the particulai group of insects concerned 
When the data aie published, the authority responsible foi the 
identification should be given Smith (1937) has discussed 
the impoitance of this aspect of the pioblem and has emphasized 
the need for permanent lefeience collections of insect vectors 
of plant diseases He states 

To be certain of the specific identity of an insect vector is just as 
important m the problems of identification and means of dispersion of a 
given virus disease as m those problems presented by any other injurious 
insect Whenever, m pathological experiments, the ability of an 
individual insect to transmit a particular virus has been demonstrated, 
the insect involved seems to possess a value to the virus problem 
approaching that of a type as designated by a taxonomist describing a 
new species, and representatn es of such specimens should be preserved 
for future reference This is especially important when there is any 
doubt as to the identity of the species represented, or w hen it belongs to 
a group m which related species might be confused 

In the pubhcation of the results of transmission tests an author could 
indicate the location of representatives of the experimental insects 
together with the accession number or other data by w hich the material 
may be located The insects selected for preservation could be taken 
from any of the controlled experiments where positive results were 
obtained, particularly if from pure-lme-bred stock Whenever insects 
are submitted to the taxonomist for identification, ample material 
should be included, so that he will have no excuse for not returning 
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duplicates if the experimenter is interested m having them for reference 
or exchange 

THE IMPORTANCE OF FIELD OBSERVATIONS 

The methods used m investigating pioblcms of insect trans¬ 
mission vary with the diseases and insects being studied Some 
problems are well adapted to study m gieenhouse and laboratory, 
while otheis must be investigated undei field conditions When¬ 
ever possible, greenhouse and laboiatoiy studies should be sup¬ 
plemented by field expenments under conditions as nearly normal 
as can be obtained In the investigation of any problem of 
insect transmission, extensive and thoiough observations of the 
disease as it develops m nature and of the habits of the associ¬ 
ated insects are of paramount impoitance Casual observations 
at irregular intervals aie not sufficient to give a complete picture 
of the disease and the phenomena associated with its trans¬ 
mission The best results are obtained when one, so to speak, 
lives with the problem until he knows all its lamifications 
Observations apparently insignificant at the time often piove to 
be keys to the solution of a difficult pioblem This is true of 
almost any biological pioblem but applies paiticularly to investi¬ 
gations of tins kind m which the worker is likely to be relatively 
unfamiliar with the behavior of either the disease or the associ¬ 
ated insects 


GREENHOUSES AND CAGES 

Since virus diseases of plants aie so umveisally transmitted 
by insects, the phenomena of insect transmission has assumed a 
very prominent place m their study This has resulted m the 
development of a number of special techniques for the purpose 
Most virus diseases are well adapted to gieenhouse study, and 
much of the work on insect transmission is done m greenhouses 
The two most important principles to be obseived, m the 
study of insect transmission of virus diseases m gieenhouses, 
are that an adequate supply of vigorous normally growing plants 
be available and that means be provided foi adequate insect 
control Normal vigorous plants are necessary because of the 
extreme importance of symptoms m the study of virus diseases 
Unless the plants are vigorous and growing normally, symptoms 
lose much of their value as criteria m virus studies 
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The necessity foi insect contiol is obvious but is sometimes 
disiegaided Reliable lesults cannot be obtained m greenhouses 
ovenun with aphids, white flies, led spideis, thups, 01 othei 
arthiopods A legulai routine of fumigation is necessary In 
order to pieseive cultuies of insects foi study, more than one 
house or compaitment must be available The standard nic¬ 
otine fumigation foi aphids and hydrocyanic acid gas foi othei 
insects aie the usual methods 

The plan of constiuction most commonly used foi gree nh ouses 
is not well adapted to the study of insect trans mi ssion A green¬ 
house with seveial msect-proof compaitments opening upon 
a central corndoi is one of the most satisfactoiy airangements 



Fig 233 —Plan of a gieenhouse of a type desirable for ^oih with insect trans¬ 
mission of plant diseases The separate compartments allo^ separation of dis¬ 
eased and healthy plants and different kinds of insect It also allows for partial 
fumigation and other necessary operations (Aftei Samuel , Bald, and Pittman ) 

The plan of such a gieenhouse designed foi this kind of work 
is shown m Fig 233 All ventilators should be provided with 
screens to prevent the entiy of insects from the outside and the 
escape of experimental insects 

In studying insect transmission of a disease, it is obviously 
necessaiy to conti ol all other possible means of transmission 
Foi this leason, it may be necessaiy to use stenlized soil Many 
diffeient kinds of plant pathogen may suivive m the soil and 
seive as unexpected souices of infection Moieover, many 
insects that may serve as possible vectois may be found m non- 
stenhzed soil 

Some of the viruses are highly infectious, but most of them 
requne wounds for infection The necessary wound m some 
cases may be the mere breaking of a tuchome Many fungi 
and bacteria also requne wounds for infection Therefore, it 
usually is important that expenmental plants be handled with 
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extreme care to avoid accidental infection as a lesult of unneces¬ 
sary wounding 

The diffeient types of cage used m rearing insects are so 
numeious that no attempt is made to descube them here One 
beginning woik m this field will do well to consult the manuals 
published by Peterson (1934, 1937) Wire screen, cheesecloth, 
and glass are the most common materials used for making cages 
A cloth, originally used for shading tobacco and now used 
extensively m commeicial aster growing, is good foi this purpose 
Cellophane is proving a very satisfactoiy material m the con¬ 
struction of cages that are not too much exposed to the weathei 

, Si iff wire Mefcrfj 



Fig 234 —A simple type of miciocage designed foi feeding a small number 
of insects on a localized area of a plant The cage is illustrated m the sprung or 
open position (After Peterson ) 


The variety of useful cages that can be made fiom this matenal 
supplemented with “Scotch tape,” gauze, and other easily 
obtainable materials is hmited only by the ingenuity and dexter - 
ity of the workei Cellophane has the advantage of being rela¬ 
tively cheap, light, and very transparent When plants aie 
grown under cages, the reduced light intensity is often a limiting 
factor m normal growth Peteison (1934) has compared the 
light transmission of various materials used m making insect 
cages Cellophane had the greatest light-transmitting powei 
of all the materials tested When greater strength is desired, 
screen wrre infiltrated with cellophane may be used, but the 
light transmission is reduced by nearly one-half 

When it is desirable to feed insects upon locahzed regions of a 
plant, some kind of microcage is necessaiy The form of the 
cage will be determined by the insects and plants to be used 
Convenient microcages have been described by F F Smith 
(1931), K M Smith (1932), Samuel, Bald, and Pittman (1930), 
Giddmgs (1939), and others A satisfactory type of microcage 
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is illustrated m Fig 234 The cage designed and used by 
Giddmgs (1939) for feeding leaf hoppers on individual sugai 
beet leaves is shown m Fig 235 

For the collection of small insects and for transfemng them 
from cage to cage, a suction collector of the type illustrated m 
Fig 236 is indispensable Several modifications of this device 
have been descubed, but the type illustrated appeals to be the 
most satisfactory foi general use 



Fig 235 —A microcage designed and used for feeding a small number of leaf 
hoppers on individual sugai-beet leaves The cage is composed of a small glass 
cylinder closed with gauze at one end and held firmly against a small piece of 
glass by two springs and specially made metal clamps The edges of the glass 
are giound to prevent bruising or cutting, and the glass plate is grooved to ta e 
the leaf mid-rib or petiole {After Giddmgs ) 

INSECT TRAPS 

In the study of insects m relation to the development of 
diseases, it is often desirable to obtain data on their abundance 
and movement undei normal field conditions Some insects 
winter m definite restricted localities and spread giadually into 
new areas as the growing season advances, whereas otheis appeal 
suddenly as a result of migration Still otheis are dispeised b\ 
wind currents The abundance of a given insect vector at a 
given time and its method of dispersal are obviously significant 
m the epiphytology of the disease Insect traps of various 
kinds are used for obtaining such data 

One of the most useful types of insect trap for determining the 
prevalence of insects is the light trap In this trap, the insects 
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are caught at night, being atti acted by a light and entiapped m 
a cyanide jai Many different designs of vaiymg degrees of 



Fig 236 —A simple and practical insect collector of the suction type that is 
indispensable for handling individual insects of the kind usually sei\mg as 
vectois of plant diseases Its structure and opeiation aie self-evident fiom the 
picture 

complexity have been used A simple, but satisiactoiy light 
trap for general use is lllustiated m Fig 237 Other designs to 



Fig 237 A diagram shoving the structure of a simple but satisfactory light 
trap {After Peterson) 

meet special demands are described by Peterson (1934) The 
cyamde jai is prepared by placing potassium oi sodium cyanide, 
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about 34 inch deep, in the bottom of the jai and then adding a 
thin layei of moist plastei of Pans, which soon hardens Enough 
hydrocyanic acid gas will diffuse through the plastei of Pans to 
kill the entiapped insects When m use, the jar should contain 
a quantity of loosely crumpled strips of blotting paper, which 
will increase the efficiency of the cyanide and prevent injury 
to the trapped insects 

A trap for the study of the movement of insects by wund 
currents has been designed by Fulton and Chamberlin (1931) 



Fig 238 —A sketch showing the structure of the wind trap of Fulton and 
Chambeihn a, baffle plate, b, hardware cloth mctl mesh, c, angle brace 
d, wire screen, 16 mesh, e, wire screen, 22 mesh,/, funnel, g , screw cap for mason 
jar, h, cyamde bag {After Fulton and Chamberlin) 

In this trap, the insects are blown by the wund thiough a senes 
of wire screens m wdnch they become entangled, finally falling 
into a cyanide jai The trap is installed so that it rotates with 
the wind, the front of the trap being held facing the wnnd by a 
“ weather-vane” attachment. The plan of construction is show n 
m Fig 238 The trapping of insects laiger or smaller than those 
desired may be avoided to some extent by the proper arrange¬ 
ment of screens of the appropriate size mesh 

MICROBIOLOGICAL METHODS 

The nature of insect transmission, % e , whether mechanical 01 
biological, should be definitely established If the transmission 
is biological, the physiological, anatomical, and histological 
relationships between pathogen and vector should be deter¬ 
mined This will probably mvohe a study requiring several 
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different kinds of technique It will requue a study m which 
the pathogen is cultuied fiom vanous paits of the insect’s body 
Insect vectors aie usually contaminated with numeious micio- 
orgamsms othei than the pathogenic one Many of these will 
grow on artificial media more lapidly than the pathogen, a fact 
making it difficult to isolate the pathogen m puie culture or to 
demonstrate its presence Diffeiential 01 selective media aie 
very useful and often necessary if this phase of the investigation 
is to be successful 

Diffeiential 01 selective media are those which favor the growth 
of the organism desned and inhibit the giowth of the undesired 
contaminants Many different kinds of selective media have 
been used One of the simplest of these is made by modifying 
the acidity reaction Fungi often may be freed from bacterial 
contamination by the use of a medium with acidity near 01 
slightly below pH 4 0 This method is based on the fact that 
most bactena wall not glow w^ell on acid media w r heieas most 
fungi are not appreciably inhibited A 25 pei cent solution of 
lactic acid is commonly used for acidifying the medium 

Fungi and Giam-positive bacteria may be inhibited by adding 
to the medium a tnphenylmethane dye such as crystal violet 
Concentrations somev T heie between 1 to 50,000 and 1 to 200,000 
are usually sufficient to inhibit the Giam-positive species without 
greatly inhibiting the Gram-negative ones This medium is 
particulaily helpful m isolating pathogenic bacteria from mixtuies 
of saprophytic ones, for the majonty of pathogenic bacteria aie 
Gram-negative wheieas the moie lapidly giowung contaminating 
bacteria are usually Giam-positive 

It may be necessary to devise a special selective medium to 
meet the requirements of the particulai problem This can be 
done only by experimentation Much time can be saved, how¬ 
ever, by utilizing the expenence of othei s, making whatevei modi¬ 
fications m known foimulae the particulai situation demands 
In devising a selective medium, the physiological characters of 
the orgamsm to be cultured and those to be inhibited should be 
studied with particular leference to tolerance for such things 
as acidity, bacteriostatic dyes, host extracts, high concentiations 
of salts, or other special ingredients 

Two examples of selective media helpful m isolating ceitam 
bactenal plant pathogens are given here For additional 
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foimulae of media suitable foi specific purposes, see Levine and 
Schoenlem (1930), Rawlins (1933), Rikei and Riker (1936), 
and the Committee on Bactenological Technique, Society of 
Amencan Baetenologists (1938) 

Patel’s Agar (Patel 1926) —A selective medium useful m 
isolating Phytomonas tumefaciens and seveial othei bacterial 
plant pathogens from the soil and othei contaminated matenal 


Distilled water 

1,000 ec 

Agar 

15 g 

Sodium taurocholate 

3g 

Peptone 

10 g 

Dextrose 

20 g 

1 to 1,000 aqueous solution of crystal violet 

2 cc 


Melt the agar m the watei by autoclaving, add the othei 
mgi edients, adjust to pH 7, filtei, and tube and sterilize m the 
autoclave 

Ivanoff’s Agar (Ivanoff 1933) —A synthetic medium useful 
m isolating Phytomonas stewarti from soil and othei contaminated 
matenal 


Distilled water 

1,000 cc 

Agar 

17 Og 

Glycerol 

30 0 cc 

Ferric ammonium citrate 

10 Og 

Sodium taurocholate 

3 Og 

Sodium chlonde 

15 Og 

Sodium sulphate 

2 5 g 

Potassium dibasic phosphate 

2 5 g 

Calcium chloride 

1 0g 

Magnesium sulphate 

0 1 g 


Add the mgi edients to the agar melted m the watei, filtei, 
and tube and stenhze m the autoclave 

Pathogenic oigamsms may be isolated fiom old and badly 
contaminated plant or insect matenal by using the selective 
action of the host plant In this method, the host plant is 
inoculated with the mixed culture taken dnectly from the con¬ 
taminated matenal, if conditions are suitable, infection will occur, 
forming a fiesh lesion from which the pathogen may be isolated 
by the usual methods of tissue cultuies oi dilution plates If 
the newly formed lesions are of a nature that permits rapid 
growth of contaminating organisms, it may be necessary to 
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lepeat the piocess with successive isolations until the selective 
action of the host has peinutted the pathogen to outgrow the 
contaminating organisms This method has been used with 
success by Fulton (1920) m isolating Phytomonas citn (Hasse) 
Bergey et al from the soil and by Leach (1930) m isolating 
Erwima caiotovora from the soil and fiom the vanous develop¬ 
mental stages of seed-corn maggot 

In the study of the i elationships between pathogen and vector, 
it may be necessary to dissect out particular organs of the insect 
This requires considerable skill and dextenty depending upon 
the size and nature of the insect Dissections are usually made 
under the binocular microscope with the insect seemed to a 
block of wax Pms may be used m securing the specimen, or it 
may be partly embedded m the melted wax which is later cooled 
If the dissection is made with the view of obtaining cultuies of the 
associated microorganism, it may be desnable to suiface-steiihze 
the insect by immersing it successively m 95 per cent alcohol, a 
mercuric chloride solution (1 to 1,000) and again m 95 pei cent 
alcohol The internal organs of insects may diy veiy lapidly 
when exposed to dry an and usually become difficult to handle 
This trouble may be avoided by covenng the specimen with a 
steule saline solution 

When pathogens oi othei microorganisms live symbiotic ally 
with their vectors, it is of interest to know whether oi not they 
aie transmitted within the egg The chonons of most insect 
eggs are relatively impelvious to aqueous solutions, and eggs may 
be surface-stenlized by immersing them m a solution of mercuric 
chloride (1 to 1,000) The mercuric chlonde solution is then 
removed by washing the eggs m steule distilled water The time 
lequned foi suiface sterilization without injury must be detei- 
mmed foi each kind of egg The eggs of the seed-coin maggot 
and cabbage maggot may be immeised m this solution for at 
least 2 hours without injury (Leach 1926) This is much longei 
than is necessary for effective surface sterilization 

HISTOLOGICAL METHODS 

Microbiological studies m which the microorganisms are 
isolated from the insect must be supplemented by histological 
studies, if the more detailed anatomical relationship between 
pathogen and vector is to be learned This usually is accom- 
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phshed best by cutting senal sections from material embedded 
m paraffin and staining them with a differential stain Simple 
Mneais may be made and stained on glass shdes by dissecting 
out the various oigans concerned This is useful as a rapid 
method of detei mining the presence of the miciooigamsm but is 
not so satisfactoiy as the paiaffin method foi moie cutical studies 
Similai histological studies of plant tissue also are frequently 
necessary m the study of insect transmission of plant diseases 
In a study of the mechanism of feeding by insect vectors, both 
insect and plant tissues must be studied The techniques foi 
the study of insect and plant histology aie too numerous fox an 
extensive treatment m this book The student should consult 
the more comprehensive guides to histological techmque Some 
of the most helpful guides aie those published by the following 
authois Chambeilam (1932), McClung (1929), Kmgsbuiy and 
Johannsen (1927), Mallory and Wnght (1924), Kennedy (1932), 
and Beckei and Roudabush (1935) 

Success will depend to some extent upon the choice of killing 
fluids and staining formulae There are numerous foimulae 
from which to choose, and the choice will depend laigely upon the 
material being studied and the woiker’s pieference The follow¬ 
ing formulae have proved satisfactory when used by the author 
for the material indicated 

Fixing Solutions —The Nawasehm solution is one of the most 
satisfactoiy killing and fixing solutions foi plant tissues The 
solution must be fleshly prepaied for each lot of material Fix 
foi 24 houis, and wash m running water for 24 hours 


Nawasehm Solution 

1 % chromic acid solution 10 0 cc 

16 % formalin solution 4 0 cc 

Glacial acetic acid 1 0 cc 

If material must be killed and fixed m the field at the time of 
collection, the foimaldehyde-acetic acid-alcohol solution is satis¬ 
factory No w r ashmg m wrater is necessaiy, and the material 
may be kept for some time m the fixing solution without mjuiy 


F oTTYicilm- Acetic Acid-Alcohol Solution 

Formalin 
Glacial acetic acid 
Alcohol 50 % 


10 0 cc 
5 0 cc 
200 0 cc 
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Zenkei’s fixing solution is one of the most satisfactoiy fixing 
fluids fox insect matenal 

Zenker's Solution 
Solution I 


Potassium dichromate 2 5 g 

Sodium sulphate 1 0 g 

Mercuric chloride 5 0 g 

Distilled water 100 0 cc 

Solution II 

Glacial acetic acid 5 0 cc 


Mix solution I and II just befoie using Fix m the solution 
foi 12 to 48 hours, and wash m running watei for 12 to 48 houis 
Place m 50 pei cent alcohol for 3 houis and 70 pei cent alcohol 
for 3 to 24 houis, keeping the matenal m the dark while m the 
alcohol solutions Tiansfei to 70 pei cent alcohol, and add a 
satuiated solution of iodine m 10 pei cent alcohol, drop by diop, 
until the iodine solution is no longei decolorized The solution 
may be pouied off and replaced with fresh 70 pei cent alcohol 
several times duung this process When iodine tieatment is 
complete, tiansfer to 80 pei cent alcohol and complete the 
dehydration pi o cess 

When it is not convenient to use Zenkei’s solution or when 
the insects must be left for a long time m the killing fluid, the 
foi malm-acetic acid-alcohol solution may be used A slightly 
modified foimula known as Dietiich’s solution has been used 
foi seveial diffeient kinds of insect with excellent lesults 

Dietrich's Solution 


Alcohol 95 % 30 0 cc 

Glacial acetic acid 2 0 cc 

Formalin 10 0 cc 

Distilled w ater 60 0 cc 


In a study of the mechanics of feeding of insect vectors such 
as aphids, it is necessary to kill and fix the specimens so that 
the stylets are not “withdrawn from the tissues A satisfactory 
method has been descnbed by Dykstia and Whitakei (1938) 
Leaves and stems on which the insects are feeding are cut from 
the plant with as little distuibance of the insects as possible 



METHODS OF INVESTIGATING 


555 


The entire specimen is dipped m chloroform, removed immedi¬ 
ately, and immersed m formalm-acetic-alcohol foi 24 horns 
The specimens aie deaned with an exhaust pump m this solution 
then washed m dioxane ovei calcium chlonde foi 24 hours 
Aftei dehydiation, the material is cleared m the following series 
of dioxane and xylol, leaving it 10 to 15 minutes m each mixture 

1 Xylol 1 part, dioxane 4 parts 

2 Xxlol 2 parts, dioxane 3 parts 

3 Xylol 3 parts, dioxane 2 parts 

4 Xylol 4 parts, dioxane 1 part 

The material is then lemoved to puie xylol and embedded m 
paiafftn m the usual manner 

The use of dioxane foi dehydration is based on the schedule 
descubed earliei by McClung (1936) and by McWhoitei and 
Weier (1936) The substitution of dioxane for alcohol pi events 
the tissues from becoming brittle, so that ribbon sections can be 
cut of heavily hgmfied tissues without disturbing the delicate 
mouth parts of the insects embedded m the tissue The method 
as applied m the above study has been descubed also by Whitakei 
(1937) A more complete discussion of the dioxane technique 
has been published by Mossman (1937), who w^as largely responsi¬ 
ble for mtioduemg the method to American woikers 

Staining.—Many different staining formulae aie used foi 
demonstrating the presence of baetena or fungi m plant tissue 
One of the more satisfactoiy of several used by the authoi is the 
carbol-fuschm and light-gieen combination With tins stain, 
bacteria oi fungi are stained a deep red, and cellulose cell walls 
are stained a bright gieen The stilting contiast of these colors 
is of gieat advantage m locating the microorganisms if they are 
piesent m small numbeis and allows veiy sharp differentiation 
between the pathogen and the tissues of the host plant 

Caibol Fuschin and Light Green 

Fuchsm 
Alcohol 95 % 

Carbolic acid crystals 
Distilled water 

Stain sections, removed from 10 per cent alcohol, foi 3 minutes 
Rinse m water, and dehydrate by passing rapidly through alcohol 
senes, being careful not to destam too much From absolute 


l 0g 
10 0 cc 
5 0 g 
100 0 cc 
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alcohol, tiansfei to a satui ated solution of light green m clove oil 
Clear by nnsing with clove oil and mount m balsam 

A caibol-fuchsm and picnc acid foimula recommended by 
Heitig and Wolbach (1924) has pioved satisfactory for demon¬ 
strating the presence of bacterra m the body of Dipterous insects 
(Leach 1931, 1933) 

Carbol Fuchsm and Picnc Acid 
Solution I 


Basic fuchsm 0 5 g 

Carbolic acid crystals 1 0 g 

Aniline oil 0 5 cc 

Alcohol 30 % 100 0 cc 


Dissolve fuchsm m alcohol, and add remaining leagents 
Solution II 

Picric acid Saturated aqueous solution 

Sections should be steamed over boiling vatei foi 5 minutes 
in a few drops of solution I pouied on the slide Wash off excess 
stain m tap water Decolorize and differentiate by pounng 
foimahn over the sections, a few drops at a time, until the excess 
color is removed Rinse m water and counter stain for 1 minute 
m solution II Dehydrate quickly m 95 per cent alcohol, abso¬ 
lute alcohol, and xylol Mount m balsam 

The Gram-Weigert stain (Mallory and Wright 1924) has given 
excellent results m demonstrating the presence of yeasts, fungus 
spores, and Gram-positive bactena m bark beetles and othei 
Coleoptera It also gives excellent differentiation of the insect 
tissues It is not satisfactory if the microorganisms concerned 
are Gram-negative 

Gram-Weigert Stain ( Modified) 

Solution I 


ALUM H \EM ATOXYLIN 

Haematoxylm 1 0 g 

Ammonia alum (sat aq sol) 100 0 cc 

Water 300 0 cc 

Potassium permanganate (0 25 % aq sol) 10 0 cc 

A small thymol crystal 
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Pulvenze haemotoxylm, and dissolve it with the ammonia 
alum m the watei with aid of heat Cool and add potassium 
peimanganate and then the thymol eiystal The stain is ready 
for use at once As the stain upens, it may be necessaiy to add 
a little of the satuiated alum solution Filtei each day before 
using 

Solution II 

Eosm 5 % aqueous solution 

Filtei each day befoie using 

Solution III 

ANILINE METHYL \ IOLET 

Solution A Solution B 

Absolute alcohol 33 0 cc Saturated aqueous solu- 

Aniline oil 9 0 cc tion of methj 1 violet 

Methyl \ lolet In excess 

Mix 1 part of solution A and 9 parts of solution B not longer 
than 2 weeks hefoie using Filter each day before using 

Solution IV 


LUGOL S SOLUTION 

Iodine 1 0 g 

Potassium iodide 2 0 g 

Distilled vatei 100 0 cc 

Stain sections foi 3 minutes m alum-haematox\ hn solution 
Rinse m i mining watei Stain 3 minutes m 5 pei cent eosm 
solution Rinse off suiplus stain m imining watei Stain m 
solution III (aniline methyl \iolet) foi 5 minutes Wash 1 
minute m lunning water Immeise m LugoFs solution for 1 
minute Rinse m lunning ivatei Diam off excess water, drv 
back of slide, and cleai m a solution of 1 pait xylol and 1 pait 
aniline oil Agitate slides until excess methyl violet stam is 
lemoved Wash thoioughly m xylol to remove every tiace of 
aniline oil, and mount m balsam 

MISCELLANEOUS TECHNIQUES FOR SPECIAL PURPOSES 

Radioactive Substances —Hamilton (1935) has mtioduced a 
novel technique foi the study of the couise of ingested food in 
the insect's body m ielation to virus transmission This involves 
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feeding the insect vectors on a medium containing polonium, a 
radioactive substance the piesence of which can be detected 
with a fluoioscope This substance was ingested from agai by 
Myzus persicae and tiansnntted to the plants on which it sub¬ 
sequently fed m quantities that excluded the possibility of simple 
mechamcal transmission Recent developments m methods foi 
pioducmg radioactive foims of many of the common elements 
should provide materials suitable foi the moie extensive use of 
this technique m the study of the physiology of insects m relation 
to virus transmission 

Differential Killing —When miciooigamsms survive m the 
body of an insect thiough metamoiphosis, they are usually 

1 educed to relatively small numbers duung certain stages The 
miciobes do not die, but their growth and multiplrcation is 
inhibited by the life processes of the insect When m this condi¬ 
tion the}^ may be difficult to locate by cultural or histological 
methods Aid m tracing the miciooigamsms may bo gained by 
subjecting the insect at the critical stage to subfieezmg tempera¬ 
ture The low tempeiatuie wall usually kill the insect but will 
not injure the miciooiganism If the specimen is then returned 
to a moie modeiate tempeiatuie, the miciooiganism, unless it 
is an obligate paiasite, being no longei inhibited by the living 
tissues of the insect, will begin to giow r and can be more easily 
detected This method was used successfully by the authoi 
(Leach 1933) m tracing the survival of bactena m the pupana 
of the seed-coin maggot 

In the study of symbiotic relationships between insects and 
miciooigamsms it is often desnable to obtain insects fiee of their 
symbiotes This may piesent many difficulties Cleveland m 
his investigation of the symbiotic lelationships between tei mites 
and protozoa devised a number of differential tieatments by 
means of which tei mites weie freed of then intestinal piotozoa 
One method consisted m incubating the termites at 36 degrees 
centigrade foi 24 hours, a tieatment that killed the piotozoa 
without injunng the termites Piolonged starvation of the ter¬ 
mites also w r as often successful The most satisfactory method, 
however, consisted m placing the insects m an atmosphere of 
almost pure oxygen under pressure of 3 oi 4 atmospheres foi 1 or 

2 hours To what extent these methods can be used with othei 
insects and other microorganisms remains to be determined 
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In the following appendix, ceitain facts, pertinent to the subject of insect 
transmission of plant diseases, have been tabulated for convenient reference 
In Table I, the more important msect-transmitted plant diseases have been 
grouped m one column according to the causal agent, itith numerical 
reference to their respective vectors listed m the opposite column In 
Table II, the vectors are grouped in one column, according to order and 
family, with numerical reference to the diseases transmitted, the latter 
being given m the opposite column In Tables III to V, certain representa¬ 
tive msect-transmitted plant diseases aie compared vith respect to signifi¬ 
cant transmission phenomena In Table VI, a few representative animal 
diseases are compared m a similar manner A stud^ of these tables should 
aid m giving a better perspective of the subject matter treated in detail m 
the text 


Table I —Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors 

Vectors 


Diseases 

Diseases caused by toxicogemc 
insects 

Anasa wilt of cucurbits (l)* 
Froghopper blight of sugar cane 

(5) 

Green spotting of pineapple (2) 
Hopper burn of potato and other 
plants (3) 

Mealy-bug wilt of pineapple (2) 
Psvllid yellows of potato (4) 

Virus diseases 

A virus disease of rape and luta- 
baga (6) 

Abacs! bunchy top (Musa virus 
2) (57) 

Abaci mosaic (18) 

Alfalfa mosaic (Medicago viruses 
1 and 2) (50) 

Aster yellows (Calhstephus vir¬ 
uses 1 and l A) (36, 64, 65) 


HEMIPTERA 

1 Anasa tristis De G 
HOMOPTERA 

2 Pseudococcus brempes Chi 

3 Empoa sea fabae Harris 

4 Parafnoza cockerelh Sulc 

5 Thomas pis sacchanna Dist 


ORTHOPTERA 

1 I lelanoplus spp 
THYSAXOPTERA 

2 Franhlmiella lycopersict Andr 

3 Fianhhmella moultom Hood 

4 Franlliniella occidentalism*e rg 

5 Thrips tabaci Lind 
HEMIPTERA 

6 Lygus pratensis L 

7 Piesma cinerea Sa> 


* The numbers m parentheses following the name of the disease refer to the numbers of 
the msect vectors m the opposite column 


563 



564 INSECT TRANSMISSION OF PLANT DISEASES 


T able I —Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors —( Continued) 


Diseases 

Virus diseases (continued) 

Aucuba mosaic of potato (Sola- 
num virus 9) (54) 

Banana bunchy top (Musa virus 
1) (57) 

Banana mosaic (Musa virus 3) 
(57) 

Bean mosaic (Phaseolus virus 1) 
(18, 22, 27, 28, 32, 44, 47, 48, 
50, 54, 64) 

Bean yellow mosaic (Phaseolus 
virus 2) (48, 50) 

Beet mosaic (Beta virus 2) (27, 
38) 

Blackberry dvarf (Rubus virus 
5) (34) 

Cabbage ring spot (Biassica virus 
1) (54) 

Cassava mosaic (Mamhot virus 
1) (29, 30) 

Cauliflower mosaic (Brassica -virus 
3) (15, 18, 19, 23, 32, 35, 53, 
54, 61, 63) 

Celery calico (Apium virus 2) (18) 
Common mosaic of pea (Pisum 
viruses 2 and 2C) (27, 48, 50, 
54) 

Corn mosaic (Zea virus 1) (58) 
Cranberry false blossom (Vaccm- 
mm virus 1) (42) 

Cucumber mosaic (Cucumis \ irus 
1) (18, 48, 53, 54, 55, 67, 69) 
Curly top of sugar beet (Beta 
virus 1) (43) 

Dahlia mosaic (Dahlia virus 1) 
(54) 

Enation mosaic of pea (Pisum 
virus 1) (50) 

Fi]i disease of sugar cane (Sa- 
charum virus 2) (59, 60) 

Freesia mosaic (Freesia virus 1) 
(16) 

Grape mosaic (Vitis virus 1) (46) 


Vectois 

8 Piesma quadrata Fieb 

HOMOPTERA 

9 Acer atagallia sangmnolenta 
(Provancher) 

10 Amphorophora rubicola (Oest- 
lund) 

11 Amphor ophora mbi Kalt 

12 Amphoropho) a sensonata 
Mason 

13 Anuraphis padi L ( Aphis 
pi uni) 

14 Anur aphis tuhpae B deFonsc 

15 Aphis apigi aveolens Theob 

16 Aphis convolvul Kalt 

17 Aphis for be si Weed 

18 Aphis gossypn Glov 

19 Aphis gi aveolens Essig 

20 Aphis laburm Kalt ( Aphis 
legutmnosae Theo ) 

21 Aphis maid is Fitch 

22 Aphis medicagims Koch 

23 Aphis middletonn Thomas 

24 Aphis pomi De G 

25 Aphis rhamni Boyei ( abbre- 
viata Pitch) 

26 Aphis rubicola Oestl {iubi- 
phila Patch) 

27 Aphis ntmicis L 

2S Aphis spvaccola Patch 

29 Bemisia gossypiperda var 
mosaicwectura Ghesq 

30 Bemisia mgenensis Coib 

31 Bemisia gossgpiperda Misra 
and Lamba 

32 Bremcor yne brassicae L 

33 Capitophorus fragacfoln Chi 

34 Capitophorus tetrarhodus 
(Walker) 

35 Cavanella capreae Fabr 

36 Macrosteles divisa (Uhl) 

37 Cicaduhna nibila Naude 

38 Cicaduhna storeyi China 

39 Cicaduhna zeae Chma 
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Table I Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors—( Continued ) 


Diseases 

Virus Diseases (continued) 
Henbane mosaic (Hyoscyamus 
virus 1) (54) 

Ins mosaic (Ins vnus 1) (48, 54) 
Leaf cuil of cotton (Gossypium 
virus 1) (31) 

Leaf curl of sugar beet (Beta 
virus 3) (8) 

Leaf cuil of tobacco (Nicotiana 
virus 10) (31) 

Lettuce mosaic (Lactuca virus 1) 
(51, 54) 

Little peach (Prunus virus 1A) (52) 
Mosaic of crucifeis (Brassica 
virus 4) (32, 54) 

Mottle of com (Zea vnus 3) (37, 
38, 39) 

Peach mosaic (Prunus virus 5) (13) 
Peach yellows (Prunus virus 1) 
(52) 

Peanut rosette (Arachis virus 1) 

( 20 ) 

Pelaigomum leaf cuil (Pelaigon- 
lum virus 1) (49) 

Pineapple yellow spot (Ananas 
vnus 1) (5) 

Potato leaf roll (Solanum virus 
14) (27, 53, 54, 55) 

Potato mosaic (Solanum vnus 3) 
(25) 

Potato spindle tuber (Solanum 
virus 12) (1, 6, 48, 54, 69, 70, 71, 
72) 

Potato streak (leaf drop) (Sola¬ 
num viruses 2 and 3) (54) 
Potato tubei blotch (Solanum 
virus 8) (54) 

Potato unmottled curlv dvaif (1, 
6, 41, 48, 54, 69, 70, 71, 72) 
Potato yellow dwarf (Solanum 
virus 16) (9, 48, 54) 

Rape Savoy (6) 

Raspberry leaf curl (Rubus vi¬ 
ruses 3 and 3 A) (26) 


Vectors 

40 Delphacodes stnatella Fall 
(hibiuma stnatella Fall) 

41 Euscehs exitiosus (Uhler) 

42 Euscehs striatulus Fall 

43 Eutethx tenellus Baker 

44 Hyalopte? us atriphcis (L ) 

45 Hysteroneura setariae Thomas 

46 Lecamum coim Bouche 

47 Macr osiphum ambrosiae 
(Thomas) 

48 Mao osiphum gei Koch iso- 
lamfolln) Ashm 

49 Mac? osiphum pelaigomi Kalt 

50 Macrosiphum ( Ilhnoia ) pisi 
Kalt 

51 Macrosiphum sonchi L 

52 Mac?opsis tnmaculata Fitch 

53 Myzus cn cuviftexas Buckt 

54 Myzus pe?sicae Sulz 

55 Myzus pseudosolani Theob 

56 Nephotettix apicahs v ar cinc- 
ticeps Motsch 

57 Pentaloma mgioneivosa Coq 

58 Pe?eg?inas maidis Ashm 

59 Peihmsiella saccharicida 
Kirk 

60 Peihmsiella vastatnx Breddm 

61 Rhopalosiphum melliferum 
Hottes 

62 Rhopalosiphum prumfohae 
Fitch 

63 Rhopalosiphum pseudobras- 
sicae Davis 

64 Thamnoteitixge?nmatus VanD 

65 Thamnotettix montanus Van D 

66 Deltocephalus do? salts Motsch 
COLEOPTERA 

67 Diabiohca duodeci??ipunctata 
Oliv 

68 Diabiotica mttata Fabi 

69 Disonycha triangularis (Saj) 

70 Epitnx cucumeris Harris 

71 Lephnota? sa dem??ilmeata Say 

72 Systena taemata (Say) 
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Table I —Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors —( Continued ) 
Diseases Vectors 

Virus diseases (continued) 

Raspberry yellow mosaic (Rubus (See 'preceding pages ) 

virus 2) (10, 11, 12) 

Red raspberry mosaic (Rubus 
virus 1) (10, 11, 12) 

Rice dwarf (Oryza virus 1) (56, 

66 ) 

Savoy of sugar beet (Beta virus 5) 

(7) 

Spotted wilt (Lycopersicum virus 

3) (2, 3, 4, 5) 

Stock mosaic (Matthiola virus 1) 

(32, 54, 63) 

Strawberry crinkle (Fragana vi¬ 
rus 2) (33) 

Straw beiry dwarf (Fragana virus 

4) (17) 

Strawberry witches’-broom (Fra¬ 
gana virus 3) (33) 

Strawberry xanthosis (Fragana 
virus 1) (33) 

Streak of corn (Zea virus 2) (37, 

38, 39) 

Stnpe of nee (Oryza virus 2) (40) 

Sugar-beet mosaic (Beta virus 2) 

(54, 27) 

Sugar-beet yellows (Beta virus 4) 

(27, 54) 

Sugar-cane mosaic (Sacchaium 
virus 1) (21, 45) 

Tobacco mosaic (Nicotiana virus 
1) (48, 53, 55) 

Tulip mosaic (Tulipa virus 1) (14, 

48, 49, 54) 

Turnip mosaic (Brassica virus 2) 

(32) 

White-clover mosaic (Tnfolium 
virus 1) (27, 50) 

Yellow dwarf of onion (Allium 
virus 1) (11, 18, 21, 24, 27, 32, 

44, 45, 48, 50, 54, 62, 63) 

Yellow flat of lily (Lilium virus 
1) (18) 
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Table I —Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors —( Continued ) 


Diseases 

Bacterial diseases 

Bacterial disease of willows ( Pseu¬ 
domonas salicaperda) (25) 
Bactenal gall of Douglas fir 
(.Bacterium pseudosugae) (9) 
Bactenal rot of apples (. Phyto- 
monas melophthoi a) (37) 
Bacterial wilt of com (Stewart’s 
disease) (Phytomonas stewarti ) 
(13, 14, 15, 16, 17) 

Bacterial wilt of cucurbits (Eim- 
ma tracheiphila) (16, 19) 
Bacterial wilt of Solanaceae (Er- 
vnma solanacearum ) (20) 
Bactenosis of the pnckly-pear 
plant (Ermma cacticida) (28, 
29, 30, 31, 32) 

Bean bactenosis (.Phytomonas 
medicagims var phaseohcola ) 
( 1 ) 

Black rot of crucifers (Phyto¬ 
monas campestns) (34) 

Fire blight (Ermma amylovora) 
(2, 3, 4, 5, 6, 7, 8, 10, 11,12, 18, 
21, 22, 23, 24, 26, 27, 33, 35, 
38, 41, 44, 46, 47, 48, 49, 50, 51, 
52, 53, 54, 55, 56) 

Olive knot (Ermma savastonoi) 
(36) 

Potato blackleg (Ermma caro- 
tovora ) (43, 45) 

Soft rot of crucifers (Ermma 
carotovora) (42) 

The heart rot of celery (Ermma 
carotovoi a) (39, 40) 


Vectors 

THYSANOPTERA 

1 Hehothrips femorahs Reut 
HEMIPTERA 

2 Adelphocoris rapidus (Say) 

3 Campylomma verbasci (Meyer) 

4 Lygus pi ateims L 

5 Orthotylus flavospai sus 
(Sahib ) 

6 Plagiognathns pohtus Uhl 

7 Poeailo cytus basalts Reut 
HOMOPTERA 

8 Empoasca mah Le Baron 

9 Chermes cooleyt Gill 

10 Aphis avenae Fay 

11 Aphis poim De Geer 
COLEOPTERA 

12 Hippodamia corner gens Guer. 

13 Phyllophaga sp 

14 Chaetocnerna denticulata Ill 

15 Chaetocnerna puhcana Melsh 

16 Diabrotica duodecimpundata 
Ohv 

17 Diabrotica longicornis Say 

18 Diabrotica soror Le C 

19 Diabrotica mttaia Fabr 

20 Leptmotarsa deamhneata Say 

21 Orsodacne atra (Ahr ) 

22 Attagenus piceus Ohv 

23 Anthrenus sp 

24 Ghschi ochielus fasciatus 0\i\ 

25 Cryptorrhynchus lapathi L 

26 Melanotus oregonensis (Le C ) 

27 Scolytus rugulosus Ratz 
LEPIDOPTERA 

28 Mimortsia flavidissimahs 
Grote 

29 Cadoblasiis bucyrus Dyar 

30 Cactoblastis cadorum Berg 

31 Mehtara prodemahs Walker 

32 Mehtara junctehnsella Hulst 

33 Carpocapsa pomonella L 

34 Plusia brassicae Riley 
DIPTERA 

35 Bibio albipenms 3a\ 
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Table I — Some oi the More Important Insect-tr^.n^mitted Pl\nt 
Diseases and Their Respective Insect Vectors —( Continued) 
Disexses Veciois 


36 Dacus olcn Rossi 

37 Rhagoletis pomonella Walsh 

38 Drosophila funebns Fabi 

39 Elachipter a costata Leow 

40 Scaptomyza giammum Fall 

41 Hylemyia anhqita Meig 

42 Hylemyia bia&sicae Bouche 

43 Hylemyia aha ura Rond 

44 Hylemyia hpsia Walker 

45 Hylemyia trichodactyla Rond 

46 Pegomyia calyptrala Zett 

47 Cynomyia cadaver ma Desv 

48 Musca domtstica L 

49 Muscma assimihs Fall 

50 Muscma stabulans Fall 
HYMENOPTERA 

51 Formica fusca L vai sub- 
sencea Say 

52 Formica pallidefuha Latr 
siibsp schaufussi Mayr var 
mcerta Emeiy 

53 Lasius mger (L ) vai ameri - 
canus Emeiy 

54 Prenolepis impans Say 

55 Polistes sp 

56 Yes pula sp 


Fungus diseases 

Blackleg of cabbage (Phoma lin- 
gam) (46) 

Blue stain of comfeious trees 
(Cet atostomella spp ) (34, 35, 36, 
36a, 366, 36c) 

Blue stain of spiuce ( Ceratosto- 
mella piceaperda) (34a) 

Blue stain of Douglas fir ( Cerato- 
stomella pseudotsugae) (346) 

Brown stain of -white hi (Tn- 
chosponnm symbioticum) (426) 

Brown stain of -white fir (Spicana 
anomala (42c) 

Canker of apple (Diplodia griffoni) 
(26) 


ORTHOPTERA 

1 Oecanthus angustipermis Fitch 

2 Oecanthus mveus De G 

3 Choi tophaga vmdifasciata vai 
austiatioi De G 

4 Dissostev a car olma L 

5 Encoptolophus texensis B Tin 

6 JHela no plus differ entialis 
Thomas 

7 Melanoplus femur-r ubium 
De G 

8 Melanoplus mexicanus Sauss 

9 Schistocer ca amencana Diur-y 

10 Schistocerca obscui a Fabr 

11 Sphar agemon enstatum Scudd 

12 Tomonotus aztecus Sauss 

13 Trimeiotropsis citnna Scudd 
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Table I Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors —( Continued) 


Diseases 

Fungus diseases (continued) 

Chestnut blight ( Endothia para¬ 
sitica) (32, 33) 

Cotton wilt (Fusarium vasm- 
fectum Atk ) (3, 4, 5, 6, 7, 8, 9, 
10, 11, 12, 13) 

Downy mildew of lima beans 
( Phyiophtho) a phaseoh Thaxter) 
(48) 

Endosepsis of figs ( Fusanum 
momlifoi me vai -fici ) (47) 

Ergot of eeieals and grasses 
0 Claviceps paspali) (31, 44) 

Euiopoan canker ( Nectna galli- 
gena) (26) 

Inspissosis of citius fruits 
(Nematospoia coryli) (21, 24) 
Perennial cankex of apple 
(Glocospoi turn peiennans) (26) 
Smut of figs ( Aspergillus mger) 
(30, 45) 

Sooty mold of orange ( Capnodium 
citn and other fungi) (25, 27, 
28, 29) 

Souring of figs (yeast) (30, 45) 
Stigmatomycosis (Nematospoia 
spp ) (14, 15, 16, 17, IS, 19, 20, 
22, 23, 24, 24a) 

Dutch elm disease ( Ceratostomella 
ulmi) (37, 38, 39, 40, 41, 42, 43) 
Tiee cucket cankei of apple 
(Leptosphaeiia comothynum) (1, 
2 ) 

“Yeast spot” of lima beans 
(Nematospora phaseoh) (23) 
Potato scab (Actinomyces scabies ) 
(31a) 

Plum wilt (Lasiodiplodia tnfiorae ) 
(43 a) 

Leaf spot of tomatoe (Septoria 
lycopersici) (31 a) 


\ ectors 
HEMIPTERA 

14 Dysdeicus cingulaius (Fabri- 
cius) 

15 Dysdet cus fasciatus Signoret 

16 Dysdeicus intennedius Distant 

17 Dysdeicus mgi ofasciatus Stal 

18 Dysdeicus saperstitiosus 
(Fabi ) 

19 Dysdeicus spp 

20 Leptoglossus balieatus (L ) 

21 Leptoglossus zonatus (Dali) 

22 Phihia picta (Drurj) 

23 Nezaia hilans Say 

24 Nezaia vuidula L 

24 a Antesha hneaticolhs (Still) 
HOMOPTERA 

25 Aphis gossypn Glo\ 

26 Schi-oneuta lamgeta Haus- 
mann 

27 Aleyrodes citn R and H 

28 Ceroplastes floridmsis Com¬ 
stock 

29 Dadylodius citri Risso 
COLEOPTERA 

30 Cai pophilus hennpteius L 

31 Cai abidae (species not knownJ 
31a j Epitnx cucumens Hams 

32 Leptostylus macula Say 

33 Leptuia mtens Forst — Stro- 
phiona mtens Forst 

34 Dendroctonus ponderosae 
Hopk 

34a Dendi octonus piceaperda 
34 b Dendt octonus pseudosugae 

35 Ips giandicollis Eich 

36 Ips pim Say 

36a Ips emargmatus (Le C ) 

365 Ips interger (Eich ) 

36c Ips oregom (Eich ) 

37 Scolytus scolytus Fabr 

38 Scolytus mulhstnatus Marsh 

39 Scolytus sulcifions Rej 

40 Scolytus affims Eggers 

41 Scolytus laems Chapuis 
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Table I— Some of the More Important Insect-transmitted Plant 
Diseases and Their Respective Insect Vectors— ( Continued) 
Diseases Vectors 

42 Scolytus pygmaeus Fabr 
42a Scolytus sulcatus Le C 
426 Scolytus ventrahs Le C 
42c Scolytus praeceps Le C 

43 Hylurgopmus rufipes Eich 
LEPIDOPTERA 

43a Aege?ia exitosa Say 
DIPTERA 

44 Sciata thomae L 

45 Drosophila ampelophila Leow 

46 Hylemyia brassicae Bouche 
HYMENOPTERA 

47 Blastophaga psenes L 

48 Bees 

HEMIPTERA 

1 Dieuches humilis Reut 

2 Lygaeus kalmn StH 

3 Nysius euphorbiae Hoivath 

4 Oncopeltus fasciatus Dallas 

5 Lincus secungei (Breddin) 

6 Stenocephalus agilis Scopoh 

Table II— Some of the More Important Vectors of Plant Diseases 
and the Diseases That They Transmit 

Vectors Diseases 

ORTHOPTERA 
Grylhdae 

Oecanthus mveus Do G (1)* 

Oecanlhus angustzpcnnis Fitch 
(1) 

Locustidae 

Chortophaqa vmdifasciata var 
austratior De G (4) 

Dissosteira Carolina L (4) 

Encoptolophus texensis Brun (4) 

Melanoplus differentialis 
Thomas (4) 

Melanoplus femur-rubrum De G 
(4) 

Melanoplus mextcanus Sauss 
(4) 

j\Iclanoplus spp (2, 3) 

*The numbers m parentheses following the name of the vector refer to the numbers of 
the diseases transmitted as given in the opposite column 


1 Tree-cncket canker of apple 
(Leptosphaeria coniothynum) 

2 Potato spindle tubei (Solanum 
virus 12) 

3 Potato unmottled curly dwart 
(Solanum virus 13) 

4 Cotton wilt (Fusanum vaszn- 
fectum) 


Protozoan diseases 

Flagellosis of laticiferous plants 
Leptomonas davidi (1, 3, 6) 
Herpeiomonas elmassiam (4) 
Herpetomonas lygaeorum ( 2 ) 
Phytomonas leptovasorum (5) 
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Table II— Some op the More Important Vectors of Punt Diseases 
a.nd the Diseases That They Transmit —(Continued) 


Vectors 

Schistocerca amencana Drury 

( 4 ) 

Schistocerca obscma Fabr (4) 
Spharagemon cnsiatum Scudd 
( 4 ) 

Tomonotus aztecus Sauss (4) 
Trimerotropsis cituna Scudd 

( 4 ) 

THYSANOPTERA 

Thripidae 

Frankhmella lycopersici Andr 

( 2 ) 

Frankhmella moultom Hood (2) 
Franklimella occidentahs Perg 
( 2 ) 

Eehothnps femorahs Reut (3) 
Thnps tabaci Lind (1, 2) 

HEMIPTERA 

Lygaeidae 

Die aches humhs Reut (la) 
Lygaeus kalmn Stil (lc) 

Nysius euphorhae Hoivath (la) 
Oncopeltus fasciatus Dallas (16) 
Mindae 

Adelphocons rapidus (Say) (5) 
Campylomma verbasa (Meyer) 

( 5 ) 

Lygus piatensis L (2, 3, 4, 5, 6) 
Oithotylus ftavosparsus (Sahib) 
( 5 ) 

Plagiognathus pohtus Uhl (5) 
Poeciloscytus basihs Reut (5) 
Tmgidae 

Piesma anerea (Say) (7) 

Piesma quadrata Fieb (6a) 
Coreidae 

Anasa tnstis De G (8) 
Dysdercus cmgulatus (Fabr ) (9) 
Dysdercus fasciatus Signaret (9) 
Dysdercus mtermedius Distant 
(9) 

Dysdercus nigi ofasciatus St&l (9) 


Diseases 


1 Pineapple yellow spot (Ananas 
virus 1) 

2 Tomato spotted wilt (L}co- 
persicum virus 3) 

3 Bean bactenosis (Phytomonas 
medicagims var phaseohcola) 


1 Flagellosis of lacticiferous 
plants 

a Leptomonas damdi 
b Herpetomonas dmassiam 
c Herpetomonas lygaeorum 

2 Potato spindle tuber (Sol mum 
virus 12) 

3 Potato unmottled curly dw arf 
(Solanum virus 13) 

4 A virus disease of rape and 
rutabaga 

5 Fire blight (Frmma amylovora) 

6 Leaf curl of sugar beet (Beta 
virus 3) 

6a Rapesa\oy 

7 Savoj of sugai beet (Bet i 
virus 5) 

8 Anasa wilt of cucurbits 

9 Stigmatomj cosis ( Nemato - 
spora spp) 

10 Inspissosis of citrus fruits 
(Nematospora coryh) 

11 “Yeast spot” of lima beans 
(Nematospora phaseoh Win- 
gard) 
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Table II— Some of the More Imporiynl 1 Vectors of Plynt Diseases 
and the Diseyses Tiiyi They Trynsmit — (Continued) 


Vectois 

Dysdercus super stitiosu? (Fibi ) 

(9) 

Antestia hneaticolhs Stal (9) 
Dysdercus spp (9) 

Leptoglossus bolteatus (Lmne) (9) 
Leptoglossus zonatus (Dali ) (10) 
Phtkia picta (Drury) (9) 
Stenocephalus agihs Scopoli (la) 
Pentatomidae 

Linens spathuhger (Bieddin) 

( 12 ) 

Nezara hilaris Say (11) 

Nezara vmdula L (9, 10) 

HOMOPTERA 

Cicadellidae 

Acer atagalhasangmnolenta (Pio- 
vancher (11) 

Cicadulwa ( Balclutha ) mbila 
Naude (8, 13) 

Cicaduhna storeyi China (8, 13) 
Cicaduhna zeae China (8, 13) 
Deltocephalm dorsalis Motsch 

U2) 

Empoasca fabae Hams (1) 
Empoasca mah Le Baron (14) 
Euscelis exitiosus (Uhl) (10) 
Euscehs stnatulus Fall (4) 
Eutettiz tenellus Baker (5) 
MacrostHes dwisus (Uhl) (2) 
Mac/opsis tnmaculata Fitch (7, 
9) 

Nephotettn. apicalis \ai cincii- 
ceps Motsch (12) 
Thamnotettix gemmatus Vin D 
(2) 

Thamnotettix montanus Van D 

( 2 ) 

Fulgoridae 

Delphacmae 

Delphacodes stnatella Fall 
(.Liburnia stnatella Fall) 
(15) 

Peregrmus maidis Ashm (3) 


Diseases 

12 Phloem neciosis of coffee 
(Phytomonas leptovasor um) 


1 Hoppei bum of potato and 
other plants 

2 Astei yellow(Callistephus 
Yiiuses 1 and 1A) 

3 Coin mosaic (Zea vuus 1) 

4 Cianbein false blossom (Vac- 
cmium \ inis 1) 

5 Cuih top of sugu beet (Beta 
vuus 1) 

6 Fiji disease of sugu cane 
(Saccharum ahus 2) 

7 Little peach (Piunus vuus 

1 A) 

S Mottle of coin (Zea mi us 3) 

9 Peuli yellows (Piunus vuus 

1 ) 

10 Pot ilo unmottied curh dwaif 
(Solmum virus 13) 

11 Pot ito \ ellow d\\ a if (Sol mum 
Yarns 16) 

12 Rice d\v ut (Oiy/i yiius 1) 

13 Stieik of coin (Zea yiius 2) 

14 File blight (Erwima amy- 
lovora) 

15 Stupe of nee (Oryza virus 2) 

16 Psyllid Yellows of potato 

17 Bacterial gall of Douglas fir 
(Bacterium pseudotsugae) 

18 Abaci bunchy top (Musa 
vuus 2) 
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Table II— Some op the More Important Vectors op Plant Diseases 
and THE Diseases That They Transmit — ( Continued ) 

Vectors Diseases 


Perkmsiella sacchancida Kirk 

( 6 ) 

Perkmsiella vastatnx Bieddin 

( 6 ) 

Chermidae 

Chermes cooleyi Gill (17) 
Paratnoza cocker elh Sulc (16) 
Aphididae 

Amphorophoi a rubicola (Oest- 
lund) (50, 51) 
Amphorophora rubi Kalt (50, 
51, 63) 

Amphorophora sensoriata Mason 
(50, 51) 

Anuraphis padi L (Aphis 
prum) (39) 

Anuraphis tulipae B de Fonsc 
(60) 

Aphis apigraveolens Theob (28) 
Aphis avenae Fabi (65) 

Aphis convolvuli Kalt (34) 
Aphis f 0 ?besi Weed (54) 

Aphis gossypn Glov (23, 28, 
29, 31, 63, 64, 74, 78) 

Aphis graveolens Essig (28) 
Aphis laburm Kalt (Aphis 
legummosae Theo ) (40) 

Aphis maidis Fitch (58, 63) 
Aphis medicagims Koch (23) 
Aphis middletonn Thomas (28) 
Aphis pomi De G (63, 65) 
Aphis 7 hamm abbreviata Patch 
(43) 

Aphis rubicola Oestl (rubiphila 
Patch) (49) 

Aphis rumicis L (23, 25, 30, 42, 
57, 62, 63, 70) 

Aphis spiraecola Patch (23) 
Bremcoryne brassicae L (23, 28, 
38, 52, 61, 63) 

Capitophorus fragaefoln Ckl 
(53, 55, 56) 

Capitophorus tetrarhodus (Wal¬ 
ker) (26) 


19 Alfalfa mosaic (Medicago 
viruses 1 and 2) 

20 Aucuba mosaic of potato 
(Solanum virus 9) 

21 Banana bunchy top (Musa 
virus 1) 

22 Banana mosaic (Musa virus 3) 

23 Bean mosaic (Phaseolus virus 

1) 

24 Bean yellow mosaic (Phaseo¬ 
lus virus 2) 

25 Beet mosaic (Beta virus 2) 

26 Blackberry dwarf (Rubus 
virus 5) 

27 Cabbage nng spot (Brassica 
virus 1) 

28 Cauliflower mosaic (Brassica 
virus 3) 

29 Celery calico (Apium virus 2) 

30 Common mosaic of pea 
(Pisum viruses 2 and 2C) 

31 Cucumber mosaic (Cucumis 
virus 1) 

32 Dahha mosaic (Dahha virus 

1) 

33 Enation mosaic of pea (Pisum 
virus 1) 

34 Freesia mosaic (Freesia virus 
1) 

35 Henbane mosaic (Hyoscya- 
mus virus 1) 

36 Ins mosaic (Ins virus 1) 

37 Lettuce mosaic (Lactuca vnus 
1) 

38 Mosaic of crucifers (Brassier 
virus 4) 

39 Peach mosaic (Prunus virus 5) 

40 Peanut rosette (Arachis virus 
1) 

41 Pelargonium leaf curl (Pelar¬ 
gonium virus 1 ) 

42 Potato leaf roll (Solanum 
virus 14) 



574 INSECT TRANSMISSION OF PLANT DISEASES 


Table II—Some of the More Important Vectors of Plant Diseases 
and the Diseases That Thei Transmit —( Continued ) 

Vectors Diseases 


Cavanella capreae Fabr (28) 
Hyalopterus atnplicis (L) (23, 
65) 

Hysteroneura setanae Thomas 
(58, 63) 

Macrosiphum ambrosiae 
(Thomas) (23) 

Macrosiphum gei Koch (solam- 
foln Ashm ) (23, 24, 25, 30, 
31, 36, 44, 47, 59, 60, 63) 
Macrosiphum pelargonn Kalt 
(41, 60) 

Macrosiphum ( Illmoia ) pisi 
(Kalt) (19, 23, 24, 30, 33, 
62, 63) 

Macrosiphum sonchi L (37) 
Myzus oircumflexus Buckt (28, 
31, 42, 59) 

Myzus persicae Sulz (20, 23, 
27, 28, 30, 31, 32, 35, 36, 37, 
38, 42, 44, 45, 46, 47, 48, 52, 
57, 60, 63, 70) 

Myzus pseudosolam Theob (31, 
42, 59) 

Pentaloma nigioneivosa Ooq 

( 18 , 21 , 22 ) 

Rhopalosiphum melhfetum Hot- 
tes (28) 

Rhopalosiphum piumfohae 
Pitch (63) 

Rhopalosiphum pseudobi assicae 
Davis (23, 28, 52, 63) 
Schizoneura lamgera Hausmaii 
(66, 67, 68) 

Aleyrodidae 

Aleyrodes citn R and H (74) 
Bemisia gossypipe? da vai mosa- 
imectura Ghesq (71) 

Bemisia mgenensis Corb (71) 
Bemisia gossypiperda Misra and 
Lamb a (72, 73) 

Coccidae 

Pseudococcus brempes (Ckl) (75, 
76) 


43 Potato mosaic (Solanum virus 

3) 

44 Potato spindle tubei (Solanum 
virus 12) 

45 Potato stieak (leaf drop) 
Solanum viruses 2 and 3) 

46 Potato tubei blotch (Solanum 
virus 8) 

47 Potato unmottled curly dw arf 
(Solanum virus 13) 

48 Potato yellow dwarf (Solanum 
virus 16) 

49 Raspberiy leaf curl (Rubus 
viruses 3 and 3 A) 

50 Raspbeiry yellow mosaic 
(Rubus virus 2) 

51 Red-raspbeny mosaic (Rubus 
virus 1) 

52 Stock mosaic (Matthiol i vn us 
1) 

53 Strawbeiry crinkle (Fiagain 
virus 2) 

54 Stiawbcuv dwaif (Fiagain 
vnus 4) 

55 Strawbeiry witchs’-bioom 
(Fragain virus 3) 

56 Strawberry xanthosis (Fia- 
gana vnus 1) 

57 Sugar-beet yelkrws (Beta 
virus 4) 

58 Sugar-cane mosaic (Sac- 
charum vnus 1) 

59 Tobacco mosaic (Nicotmn 
vii us 1) 

60 Tulip mosaic (Tulipa vnus 1) 

61 Turnip mosaic (Brassic i virus 

2 ) 

62 White-clover mosaic (Tn- 
fohum virus 1) 

63 Yellow dwarf of onion (Allium 
virus 1) 

64 Yellow flat of lily (Lihum 
virus 1) 
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TtBLE II—Some op the More Important Vectors op Plant Diseases 
and the Diseases That They Transmit — {Conizizued) 


Vectors 

Ceroplastes flomdmsis Comstock 
(74) 

Dactylodius citn Risso (74) 
Lecamum corm Bouche (77) 


COLEOPTERA 

Nitidulidae 

Carpophilus hemipterus L (1,2) 
Coccmellidae 

Hippodamia convergent Guer 

( 3 ) 

Carabidae 

Unidentified species (4) 
Scarabaeidae 
Phyllophaga sp (5) 
Cerambycidae 

Leptostylus macula Say = 
Astylopsis macula (Say) (6) 
Leptura miens Forst — Stro- 
phiona miens (Forst) (6) 
Chrysomelidae 

Chaeiocnema denticulaia Ill (5) 
Chaetocnema puhcaria Melsh 
( 5 ) 


Diseases 

65 Fire blight (Erwinia amylovo ? a) 

66 Canker of apple (. Lhplodm 
griffom) 

67 European canker (Nectrm gal- 
hgena) 

68 Perennial canker of apple 
(Gloeosporium perennans) 

70 Sugar-beet mosaic (Beta ms 
2) 

71 Cassava mosaic (Mamhot 
virus 1) 

72 Leaf curl of cotton (Gossy- 
pium virus 1) 

73 Leaf curl of tobacco (Klco- 
tiana virus 10) 

74 Sooty mold of orange ( Capno- 
dium citn) 

75 Green spotting of pineapple 

76 Meal}-bug wilt of pmeapple 

77 Grape mosaic (Vitis virus 1; 

78 Abac4 mosaic 

79 Froghopper blight of sugar 

1 Souring of figs (yeast) 

2 Smut of figs (A spergillus mger) 

3 Fire blight ( Ermma amy- 
lovora) 

4 Ergot of cereals and grasses 
(Clamceps paspah) 

5 Bacterial wilt of corn ( Phyto- 
monos stewarti) 

6 Chestnut blight (Endothia 
parasitica) 

7 Cucumber mosaic (Cucumis 
virus 1) 

8 Potato spindle tuber (Solanum 
ms 12) 

9 Potato unmottled curly dwarf 
(Solanum virus 13) 

10 Bacterial wnlt of cucurbits 
(Ermma traEh&iphila) 

11 Bactenal wait of Solanaceae 
(Ermma solanacearum) 
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Table II — Some of the More Important Vectors of Plant Diseases 
and the Diseases That They Transmit — (Continued) 

Vectois Diseases 


Diabrotica duodecimo unctata 

Oliv (5, 7, 10) 

Diabrotica longicorms Say (5) 
Diabrotica soror Le C (3) 
Diabrotica mttata Fab (7, 10) 
Disonycha triangularis (Say) 
(8) 

Epitnx cucumens Harris (8, 9, 
15, 20) 

Leptmotarsa decimlmeata Say 
(8, 9, 11) 

Orsodacne atta (Ahr ) (3) 
Systena taeniata (Say) (8, 9) 
Dermistidae 

Attagenus piceus Oliv (3) 
Anthrenus sp (3) 

Glischrochielus fasciatus Oliv 

(3) 

Curculiomdae 

Cryptorrhijnchus lapathi L (12) 
Elatendae 

Melanotus oregonensis (Le C ) 

(3) 

Scolytidae 

Dendroctonus ponderosae Hopk 
(13) 

Dendroctonus piceaperda (18) 
Dendroctonus pseudotsugae (19) 
Ips giandicollis Eich (13) 
Ips interger Eich (13) 

Ips pim Say (13) 

Ips emargmatus (Le C ) (13) 

Ips oregom (Eich ) (13) 

Scolytus rugulosis Ratz (3) 
Scolytus scolytus Fabr (14) 
Scolytus multistriatus Marsh (14) 
Scolytus sulcifrons Rey (14) 
Scolytus affims Eggers (14) 
Scolytus laems Chapius (14) 
Scolytus pygmaeus Fabr (14) 
Scolytus sulcatus Le C (14) 
Scolytus ventrahs Le C (16) 
Scolytus praeceps Le C (17) 
Scolytus subscaber Le C (17) 


12 Bacterial disease of willows 
[Pseudomonas (Phytomonas) 
saliciperda] 

13 Blue stain of coniferous trees 
(<Graphium spp , Ceratostomella 
spp ) 

14 The Dutch elm disease [Ceia- 
tostomella ulmi (Schw ) Buis- 
man] 

15 Potato scab (Actinomyces 

scabies) 

16 Brown stain of white fii 

(Tnchosponum symbioticum) 

17 Brown stain of white fir 

(Spicana anomala) 

18 Blue stain of spruce (Cerato¬ 
stomella piceaperda) 

19 Blue stain of Douglas fir 
(Ceratostomella pseudotsugae) 

20 Tomato leaf spot (Septona 

ly coper sici) 
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Table II —Some of the More Important Vectors of Plant Diseases 
and the Diseases That They Transmit — (Continued) 

Vectors Diseases 

LEPIDOPTERA 1 Bactenosis of prickly pear 

Pyralididae plants (.Erunma cacticida) 


Mimorista flavidissimahs Grote 

( 1 ) 

Phycitidae 

Cactoblastis bucyrus Dj ar (1) 
Cactoblastis cactorum Berg (1) 
Mehta? a prodemahs Walker (1) 
Mehta? a yunctelmsella Hulst (1) 
Aegemdae 

Aeqena exitosa Say (4) 
Olethreutidae 

Carpocapsa pomonella L (2) 
Papilionidae 

Plusia brassicae Riley (3) 

DIPTERA 

Mycetophilidae 

Sciara thomae L (1) 

Bibionidae 

Bibio albipenms Say (2) 
Trypetidae 

Dacus oleae Rossi (3) 

Rhagoletis pomonella Walsh (4) 
Drosophilidae 

Drosophila ampelophila Leow 
(6, 7) 

Drosophila funebris Fabr (2) 
Elachipiera costata Leow (5) 
Scaptomyza grammum Fall (5) 
Anthomyndae 

Hylemyia antiqua Meig (2) 
Hylemyia biassicae Bouche (8, 
10 ) 

Hylemyia cilia ura Rond (9) 
Hylemyia lipsia Walker (2) 
Hylemyia tnchodactyla Rond (9) 
Pegomyia calyptrata Zett (2) 
Calhophondae 

Cynomyia cadavenna Desv (2) 
Muscidae 

Musca domestica L (2) 

Muscina assimihs Fall (2) 
Muscina stabulans Fall (2) 


2 Fire blight (Ermma amyl- 
ovoia) 

3 Black rot of crucifeis (Phyto- 
monas campestns) 

4 Plum wilt (Lasiodiplodia tri¬ 
florae) 


1 Ergot of cereals and grasses 
(Clamceps paspali ) 

2 Fire blight (Ermma amyl- 
ovoia) 

3 Oh\ e knot (Ermma sava- 
stanoi) 

4 Bacterial rot of apples (Phyto- 
monos melophthora) 

5 The heart rot of celery (Er¬ 
mma carotovora) 

6 Souring of figs (yeast) 

7 Smut of figs (Aspergillus 
niger) 

8 Blackleg of cabbage (Phonia 
hngam) 

9 Potato blackleg (Erunma cai o- 
tovora) 

10 Soft rot of crucifers (Ermma 
carotovora) 
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Table II — Some of the More Important Vectors of Plant Diseases 
and the Diseases That They Transmit — (Continued) 


Vectois 

HYMEN OPTERA 
Chalcididae 

Blastophaga psenes L (1) 
Formicidae 

Formica fusca L \ai subset ica 
Say (2) 

Formica pallidefulva Lati 
schaufussi May i (2) 

Lasius niget (L) var amen- 
canus Emeiv (2) 

P?enolepis impans Say (2) 
Vespidae 
Pohstes sp (2) 

Vespula sp (2) 

Apidae 
Bees (3) 


Diseases 

1 Endosepsis of figs (Fusanum 
momliforme var j fici) 

2 Fne blight (Erwima amyl- 
ovora) 

3 Downy mildew of lima beans 
(Phytophthoi a phaseoli) 


ACARINA (MITES) 

Enophyes ribis (Westw ) Nal (1) 
Pediculopsts g/ammum Reut (2) 


SLUGS 

Agnohmax agrestis L (1) 
NEMATODES 
Aphelenchus avenae Bost (6) 
Anguillulma dipsaci Kuhn (2) 
AnguiUuhna si milts (Cobb) 
Goodey (5) 

Heterodera schactn (3) 

Tylenchus multicmta Cob (6) 
Tylenckus pi atensis de Man (4) (6) 
Tylenchus tntici (Stembuch) 
Bastian (1) 

BIRDS 

Certhia familiaris americana 
(Bonap) (1) 

Dryohates pubescens medianus 
(Swamson) (1) 

Junco hyemails L (1) 

Mmotilta vana L (1) 

Regulus satrapa Licht (1) 

Sitta carohnensis Lath (1) 
Sphyrapicus vanus L (1) 


1 Reversion of currants (Ribes 
virus 1) 

2 Silvei top of June grass and 
bud rot of carnation ( Sporo- 
tnchum poae) 

1 Black rot of crucifers (Phyto- 
monas campestns) 

1 Dilophospora disease of ce¬ 
reals 

2 Potato tubei rot 

3 “Potato sickness” (Colleto- 
imchum atromentanum) 

4 Root rot of cereals 

5 Root rot of sugar cane 

6 Soft rot (Erwima carotovora) 


1 Chestnut blight (Endothia 
parasitica) 
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Table III A Comparison op Certain Representative Fungus 
Diseases op Plants in Respect to Transmission Phenomena 


Disease 

Pathogen 

Known insect 
vectors 

Nature of insect ,1 s "'^ ctor 

transmission ° lAg “ to ^ m 
nature? 

Doespatho- Congenital 
gen hiber- transmis- 
nate m sion m 

vector 0 'vector'’ 

Ergot of 

CZaiuceps pur¬ 

Many species of 

Mechanical dis No 

No positive No 

cereals 

purea 

files 

semination with¬ 

evidence 




out wounding 


Blue stam 

Ceratostomdla ips 

Ips pxm 7 gran- 

Mechanical dis Yes 

Yes No 

of coni¬ 

C spp Tuber¬ 

dicolhs and 

semination with 


fers 

cular* ella ips 

other bark bee¬ 

wounding 



and other fungi 

tles 



Dutch elm 

Ceratostomdla 

Scdytus scolyius 

Mechanical dis Yes 

Yes No 

disease 

ulm 

S multistriatus 

semination with 




S sulcifrons S 

wounding 




affinis 8 py- 





gamaens, and 





Hylurgopmus 





rufipes 



Endosep- 

Fimnum momh- 

Blastopkaga 

Mechanical dis- lies 

No No 

sis of 

forme var fici 

psenes 

semination with¬ 


figs 



out wounding 


bauringof 

Two or more un¬ 

Carpophilus he¬ 

Mechanical, dis No but de- 

No No 

figs 

named species of 

rn pterus, Droso¬ 

semmation with velopmentis 



yeast 

phila ampelo- 

and without largely de- 




phla and sev¬ 

wounding pendent up¬ 




eral species of 

on the vec¬ 




thrips 

tors 


Fig smut 

48 pergillus mger 

Carpophilus he- 

Mechanical, dis- No, but de- 

No No 



mipterus Droso¬ 

semination with velopment is 




phila ampelo- 

and without largely de- 




pkila and sev¬ 

wounding pendent up¬ 




eral species of 

on the vec¬ 




thnps 

tors 


Stigmato- 

N'matospora spp , 

Dysdercus spp 

Biological? Yes 

Not known Not known 

mycosis 

Svermophthora 

Nezara hilam. 

i 


of cot¬ 

gossypn, and 

and other plant 



ton 

Eremothecium. 

bugs 



beans, 

cymbalanae 




citrus, 





and 





other 





plants 





Perennial 

Gleosporium 

Schi oneura 

Mechanical, Yes 

No No 

canker 

perennam 

lamgera 

wounding with¬ 


of apple 



out dissemina¬ 





tion 


Downy 

Phytophthora 

Bees 

Mechanical dis- No 

No No 

mildew 

pkamh 


semination with¬ 


of lima 



out wounding 

No 

beans 



No 

No 

Tree 

Leptosphaeria 

Oecanthus niveus 

Mechanical dis¬ 


cricket 

comothynum 

0 angustipennis 

semination with 


canker 



wounding 


of apple 





and 
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Incubation 
period in 
vector 

None 

None 

None 

Minimum of 54 
hr in Myzus 
persicae 

10 days 

Minimum of 7 
hr with single 
insect 20 mm 
w ith 50 or more 
insects 

8 to 26 days 

1 Additional 
significant 
data 


Congenital 
transmission 
in vector 

No positive 
evidence 

No 

No 

No positive 
evidence 

No 

No 

Not known 

Nature of insect 
transmission 

Mechanical 

Mechanical 

Mechanical and 
probably also 
biological by 
certain species j 
of aphid (Hog- 
gan 1930) 

Probably only 
biological 

Biological 

Biological 

Biological 

Known insect 
vectors 

Many including 
aphids grass 
hoppers flea 
beetle^ Colo¬ 
rado potato 
beetle the tar 
nshed plant 
bug and others 
More than 50 
species of a- 
phid and other 
insects 

4phis gossypn 
Myzus persicae 
M solani M 
circumflexus 
Macrosiphum 
qei and Dm 
brottca vittala 
Myzus persicae, 
M pscudosol- 
am,M circum¬ 
flexus conflict¬ 
ing evidence re 
gards sex eral 
other nonrelat- 
ed species 
Macrosteles din- 
sa Thamnotet- 
tix montanus 

T garmmatus 

Eulelhx tenellu s 

Macropsts trim 
aculata 

Transmis¬ 
sion through 
pollen 

Not known 

No 

Not known 

: 

Not know n 

No 

No 

No 

Transmis¬ 
sion through 
seed 

No positive 
evidence 

No 

Yes in 
small per 
centage 

No positive 
e\ idence 

No 

No 

No 

Longevity of 
extracted 
virus 

Less than 24 
hours in vitro 

7 days in dried 
leaves 

112 hr 

2 to 5 dayb 

Not known 

' Not known 

i Less than 72 hr 
exposed to air, 
as long as 100 
days under an¬ 
aerobic condi¬ 
tions 

, Not known 

Transmission by 
artificial sap 
inoculation 

Yes, highly m 
fectious 

Yes 

Yes 

No 

No 

With difficulty 
m small per 
, centage of 

1 trials 

No 

Known host 
range 

Potatoes only 

illrum cepa A 
sativum, Nar¬ 
cissus tozetta 
N jonqmlla 

Ex tensive 
many unrelat¬ 
ed plants 

Potato, tomato, 
Solan-urn mllo- 
sum S dulc¬ 
amara Datura 
stramonium 
and D latula 

Extremely wide 
including spe¬ 
cies in more 
than 30 fami¬ 
lies 

Extremely wide 

Peach, wild 

1 plums ( Prunus 
myobalan P 
munsoniana) 
Japanese plum 
(P salicma) 

Virosis 

Spindle tuber 

Yellow dwarf of 
onions 

Cucumber mosaic 

Potato leaf roll 

Aster yellows 

Curly top of sug¬ 
ar beet 

Peach yellows 
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Table V—A Comparison op Certain Representative Bacterial 
Diseases op Plants in Respect to Transmission Phenomena 


Disease 

Pathogen 

Known insect 
vectors 

Nature of insect 
transmission 

Is vector 
obligatory 
in nature? 

Does patho¬ 
gen hiber¬ 
nate in 

vector’ 

Congenital 
transmis¬ 
sion in 

vector ? 

Fire blight 

Erwima 

amylovora 

Bees wasps, flies 
and many suck¬ 
ing insects 

Mechanical dis¬ 
semination with 
and without 
v oundmg 

No 

No 

No 

Cucurbit 

wilt 

Erwima 

tracheiphila 

Diabrotica vittata 
and D 12 punctata 

Biological dissemi 
nation with 
wounding 

Yes 

Yes 

No 

Soft rot of 
plants 

Erwima 

carotoiora 

Hylemyia cilicrura 
H bra»sicac and 
other dipterous in¬ 
sects 

Biological dissemi 
nation with 
wounding 

No 

Yes 

No 

Olive knot 

Erwima 

saiastanoi 

Dacus oltai 

Biological dissemi¬ 
nation with wound 
mg 

No 

Yes 

Yes 

Wilt of 

Phytomonas 

Chaetocnema puli- 

Biological, dissemi 

No butdeve 

Yes 

No evi¬ 

corn 

stewarti 

cana C denticu - 
lata, Diabrotica 
longicorms , Hy- 
lemyta cilicrura 

nation with 
wounding 

lopment is 
largely de 
pendent up¬ 
on the vec 
tors 


dence 

Apple rot 

Phytomonas 
melophthora | 

Rhagoletis pomonella 

Biological dissemi¬ 
nation with wound 

mg 

Yes 

No positive 
evidence 

No 
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GLOSSARY 


The author appreciates the difficulty of accurately defining any biological 
concept Definitions, hoy ever, do aid m straight thinking, and failure to 
define terms often leads to confusion Phytopathology and entomology are 
ymung sciences, and their terminologies are m the process of evolution 
Consequently, so many of the teims have been used so loosely r that some 
degree of definition is necessary if confusion is to be avoided 

Moreovei, the sciences of phytopathology and entomology hav e dev eloped 
then own distinctive terminologies which are not always clearly understood 
by specialists m the other field The definitions giv en here are not intended 
to be invulnerable, and some people may object to the sense m which certain 
terms have been used The definitions are included in the belief that they 
may be of assistance to some of the readers of this book 

Anemophilous Wmd-polhnated 

Antagonistic symbiosis Symbiosis in which one member of the association 
benefits at the expense of the other Parasitism 
Antibiosis An association between two or more organisms that is detri¬ 
mental to one or more of them 

Arthropod An organism with annulate body and segmented appendages, 
of Phylum Aithropoda which includes insects, mites, spiders, Crustacea, 
centipedes, etc 

Ascospores Sexually produced fungus spores borne m a special cell known 
as an “ascus " 

Autocatalytic Stimulating a chemical reaction that results in the produc¬ 
tion of more of the stimulating substance 
Autogenetic Pei taming to the spontaneous origin of living organisms 
Basement membrane A thin noncellulai lay ei constituting the internal 
limits of the epidermis of insects 
Basipetally Successively fiom the apex to the base 

Bromatia The peculiar enlarged ends of the my celium of fungi cultivated 
by ants 

Buccal cavity The foremost part of the stomodaeum lung just inside 
the mouth 

Bursa copulatnx A modification of the vagma serving as a copulatoiy 
pouch 

Caecum (pZ caeca) An evagmated blind sac opening into the intestinal 
tract 

Callus Soft parenchymatous tissue of cambial origin formed o\ er a w ound 
Carrier In medicine, a person who is a constant host for an infectious 
pathogen but manifests no clinical symptoms of the disease In plant 
pathology, a plant that contains a virus but develops no svmptoim of a 
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virus disease In eailier literature, “carrier” was used to designate an 
insect that transmitted a vnus, but the tcim “vectoi” is now preferred 
Cecidium A plant gall 

Chlamydospore A thick-walled spoie developed directly from hyphal cells 
and not borne on special sporophoies 

Chlorosis A diseased condition characterized by a deficiency of choloro- 
phyll 

Chlorotic Possessing less than the noimal amount of chloiophyll 
Chorion The egg shell 

Close pollination The transference of pollen from the stamen of one flower 
to the stigma of another flowei ot the same plant 
Clypeus The facial aiea of the ciamum of insects lying just above the 
labrum 

Colletenal glands Female accessory glands that seciete an adhesive sub¬ 
stance used to fasten eggs to some soit of suppoit 
Colon The posterior part of the hmd-mtestine, between the ileum and the 
rectum 

Commensalism Symbiosis m which neither party is injured or benefited 
or m w r hieh one member of the association is benefited w ithout either 
benefit or injury to the other 

Congenital transmission Transmission from one generation to the next 
successive generation through the process of reproduction 
Comdium A fungus spore produced asexually and exogenously 
Contagious Spread by contact 

Contaminative Being transmitted by surface contamination without 
wounding by the vector 

Coprophilous Growing on the dung of animals 

Corenua A fruiting structure of fungi consisting of a group of erect inter¬ 
twined hyphae bearing comdia at their apex 
Crop An enlargement of the esophageal region of the stomodaeum, often 
serving as food reseivoir 

Cross-pollination The transference of pollen from the anthei of floweis 
on one plant to the stigma of flow ers on another plant 
Cuticle A layer of cutin found on the outside of the outer walls of 
epidermal cells of plants 

Cuticula The outer noncellular layer of the body walls of insects 
Cutm A tough waxy substance secreted on the surface of epidermal cells 
of plants 

Cyclical Involvmg a sexual reproduction cycle 

Definitive host The host m which the sexual stage of a parasite is found 
Diploidization The bringing together, in the same mycelium, of nuclei ot 
opposite sex 

Dissemination To scatter or diffuse The transportation of inoculum 
from one location to another Does not imply either inoculation, 
ingression, or infection (cf Transmission) 

Diverticulum A blind saclike offshoot from the alimentary canal or other 
organs 

Ecdysis Molting, the process of casting off the skm 
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Ectosymbiosis Symbiosis m which the nucrosymbiote develops on the 
outside of the body of the other symbiote 

Endemic The regular occurrence of a disease of man with little \anation 
m abundance 

Endocuticula The inner layer of the cuticula, usually not heavily 
sclerotized 

Endogenous Arising fiom within the generating structure 
Endophylaxis Plant resistance to insects caused by internal physiological 
properties 

Endosymbiosis Symbiosis m which the microsymbiote develops within 
the body of the other symbiote 

Enphytotic The regular occurrence of a disease of plants m a given locality 
with little variation in abundance Analogous to, but not synononious 
with, endemic 

Enteric Relating to the intestinal organs 

Entomophily Pollination of flowering plants through the agency of 
insects 

Enzootic The regular occurrence of a disease of animals with little \ana- 
tion m abundance 

Epicuticula A very thm nonchitmous layer on the outer surface of the 
cuticula 

Epidemic The occurrence of a disease of human beings in abundant and 
destructive piopoitions 
Epidemiology The study of epidemics 

Epidermis The outermost layei of cells on most plant organs before the 
development of perideim 

Epipharynx One of the mouth paits of insects, attached to the mnei 
surface of the labrum, probibly r an organ of taste 
Epiphylaxis Plant lesistanee to insects caused by r external morphologic il 
factors 

Epiphyte A plant that lives upon anothei plant but derives no nourish¬ 
ment from it A place parasite 

Epiphyrtotic The occurrence of a disease of plants in abundant and destruc¬ 
tive pioportions Analogous to, but not s\ nonomous with, epidemic 
Epithelium A lay r er of cells covering the surface or lining a cavity 
Epizootic The occurrence of a disease of animals in abundant and destruc¬ 
tive proportions 

Esophagus The tubular portion of the stomodaeum between the phannx 
and the crop 

Evagination The protrusion of an mnei surface tow arc! the outside 
Exfoliated Separated in a thm layer from the underly mg tissue 
Exocuticula The outer layer of the cuticula, the layei most commonly" 
sclerotized 

Exogenous Ansmg on the outside of the generatmg structure 
Facultative parasite An organism normally Irving as a saprophyte but 
that can live as a parasite 

Facultative saprophyte An organism normally living as a parasite hut 
that can live as a saprophyte 



588 INSECT TRANSMISSION OF PLANT DISEASES 

Filter chamber A part of the alimentary canal m Homopteia m which 
the anterior end of the mesenteion and the beginning of the hmd- 
mtestme aie bound together, providing a means lor water and carbo¬ 
hydrate solutes to pass by diffusion into the hind-mtestme without 
passing through the mesenteion 

Flagellate Possessing one or moie flagella, a protozoan belonging to the 
Mastigophoia and charactenzed by having one or moie flagella 
Flagellosis A disease caused by flagellate protozoa 

Follicle Egg chamber, a compartment of the egg tube that contains an 
oocyte 

Galeae The outer lobes of the maxillae 

Germarium The end chamber of an ovanole (or testicular tube) contain¬ 
ing the pnmaiy oogonium (or spermatogonia) 

Glabrous Having few or no tnchomes 
Glossae The tw o median lobes of the labium 
Gravid Pregnant, ready to bear young 
Guttation Loss of water by exudation through hydathodes 
Hemolymph The clear wateiy liquid m the body cavity of insects and 
other invertebrates The “blood” of insects 
Heterothallism That condition m which the fusion of two mycelia of 
diffeient nuclear complement is necessaiy for sexual icproduction 
Hibernation The act of surviving the winter usually m a doimant or 
quiescent condition 

Homosexual Producing only one land of gamete 
Host An oiganism on or in which a paiasite lives 

Hydathodes Openings through the epidermis of leaves usually located 
neai the teiminal xemlets They have no guard cells and serve for 
water loss by guttation when relative humidity is high 
Hymemum The fruiting surface of Ascomycetes or Basidiomycetes 
Hyperplasia Overgrowth caused by mciease in number of cells 
Hypertrophy Oveigrowdh caused by increase m cell size 
Hypo dermis The epidermis of insects, the cell layer of the body wall 
of insects 

Hypopharynx A tonguehke prolongation of the floor of the mouth of 
insects, attached to the inside wall of the labium 
Hypopus A stage m the development of ceitain mites especially adxpted 
for then dissemination by insects to whose bodies they cling by means 
of special organs of suction 

Ileum The anterior part of the hind-intcstinc between the mesenteion 
and the colon 

Imperfect stage (of a fungus) The stage that does not include spores 
formed as a result of a sexual process 

Incubation period That time elapsing between the time of inoculation 
and infection (m reference to a plant pathogen) In general, the period 
of embryonic development The time elapsing between ingestion of 
an infectious agent by an insect and the time when the insect becomes 
infective 
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Infection That process in. the development of a disease in w hich the 
pathogen becomes established on the snscept and begms to dm e its 
nourishment from it 

Infection court That portion of a suscept through which a pathogen may 
infect under suitable environmental conditions 
Infectious Capable of being transmitted by inoculation 
Infective Able to communicate infection An insect is said to be “infec¬ 
tive” when, after ingesting an infectious agent, it is able to induce 
infection by feeding on the suscept The same as “viruliferous 1 ’ 
when used m connection with virus diseases 
Infestation To be present m large quantities m a grv en medium or locality 
Infrabuccal pouch In ants, a spherical sac below the floor of the mouth 
and opening into the mouth 

Ingression The act of gaming entrance mto the tissues of the suscept 
Infection may or may not follow mgression Ingression may be accom¬ 
plished by some pathogens without external aid Others require the 
aid of some w ound-producmg agent 

Inoculation The act of placing inoculum on the infection court (or an 
assumed infection court) In medical science, the term usually implies 
insertion under the skin, thus including also the act of ingression, which 
is excluded m the sense used here 

Inoculative Being transmitted through injection under the skin as bj an 
insect vector 

Inoculum Infective material, a pathogen or part of a pathogen that maj 
infect and cause a disease 

Instar The period or stage between molts m the metamorphosis of insects 
Intermediate host reservoir Hosts m which a supply of the asexual stage 
of a parasite occurs 

Invagination The retraction of a outer surface tow ard the inside 
Invasion The spread of a pathogen through the tissues of a suscept 
Isogamic Sexual reproduction by morphologically similar gametes 
Kataplastic Overgrowths in which the new r tissue is composed of undif¬ 
ferentiated elements 

Klendusic Disease-escaping, having the property of klendusity 
Klendusity The property of escapmg infection under natural conditions 
although susceptible when inoculated artificially 
Labella The sensitive spongelike organs at the end of the proboscis of 
certain Diptera, formed by a modification of the tip of the labium 
Labium The lower tip of the insect mouth parts formed by the umon of a 
second pair of maxillae 

Labrum The upper lip of insects, covering the base of the mandibles and 
for min g the roof of the mouth 

Latent period The time elapsing betw een inoculation and the appearance 
of symptoms of the disease 

Latex A viscid milky juice secreted by specialized cells of certain plants 
Laticiferous Producing latex 

Lesion A morphological or histological symptom of a disease 
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Longevity Ability to live oi survive for a long time 

Macrogametocyte The female sex cell msmg from the meiozoite of the 
malarial protozoan 

Malpighian tubules Long slendei tubules opening into the alimentaiy 
tiact of insects at the antenor end of the hind-intestine and ha\mg 
excretory functions 

Mandibles The first pair of appendages composing the mouth parts of 
insects They assume various loims m difteient groups of insects 
Maxillae (the first maxillae) The second pan ot appendages of the mouth 
parts of insects 

Meristematic Capable of producing new tissue by cell division 
Merozoite The thud stage m the asexual development ot the protozoan 
causing malaria 

Mesenteron The middle portion ot the alimentary canal of insects which 
is of entodermal origin, the mid-intestine 
Mesophyll The chlorophyll parenchvma of leaves 

Metamorphosis Change of foim, the progiessiae changes ot torm ot an 
insect in giowmg from the egg thiough laiva, pupa, to adult 
Microgametocyte The male sex cell arising from the meiozoite of the 
malarial protozoan 

Micropyle A mmute opening m the insect egg through which the sperma¬ 
tozoa enter m fertilization 

Microsymbiote A microorganism that lives m symbiosis with a moie 
highlv developed organism 

Microtnchia Nonarticulated hans formed as extensions of the cuticulx 
of insects 

Mimetic I mit at ive 

Monophagous Feeding on one plant or kind of food 
Mutualism* Mutualistic symbiosis 

Mutualistic symbiosis Symbiosis that is beneficial to both of the members 
of the association 

Mycetocyte A cell that harbors symbiotic microorganisms 
Mycetome A tissue composed of mycetocytes 
Mycophagous Feeding upon fungi 
Necrosis The death and destruction of cells 01 tissues 
Necrotic Characterized by rapid death and destruction of tissue 
Oligophagous Feeding on a limited number of plants or kinds of food 
Oocyst A zesting nodulai stage of the malanil pansite formed fiom the 
ookinete 

Oocyte The differentiated egg cell just befoie maturation 
Oogonium The fiist stage m the differentiation ot the egg cell fiom the 
primary germ cell 

Ookinete The zygote of the malarial parasite 

Ovanes The mass of ovarian tubules m which the eggs are developed 
Ovanoles The egg tubes that together make up the ovary 
Oviduct One of the paired tubes through which the egg passes from the 
ovanan tubes into the vagina 
Oviparous Reproducing by eggs 
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Ovipositor The tubulai oigan of female insects by means of which eggs 
aie deposited 

Ovoviviparous Pioducmg living young by the hatching of the egg while 
still m the body of the mother 

Parasite An oigamsm living m or on another h\ ing organism of a different 
species from which it derives all or part of its nourishment 
Parasitism Living as a parasite 

Parenchyma The thm-w ailed isodiametnc cells ot plant tissue 
Parthenogenesis Reproduction by direct growth of egg cells without 
feitilization by the male element 
Pathogen An organism that can cause a disease 
Pathogenicity The ability of an organism to cause disease 
Perfect stage (of a fungus) The stage that includes the spores formed as a 
result of a sexual process 

Periderm A layei of cork cells on the outside of plant roots and stems and 
formed by growth of a cork cambium 
Pharynx The back pait of the mouth and the fore part of the esophagus 
Physiologic race A biotype of group ot closely related biotypes differing 
from other biotypes m physiologic il behavior 
Phytocecidium A plant gall caused by the action of a plant 
Phytophagous Feeding on plants 
Phytotoxic Toxic to plants 

Plasmodesma Delicate threads of piotoplasm that pass through the wails 
between two cells, uniting the protoplasts of the two cells 
Pleomorphism The inclusion of many different forms m the normal 
life cycle 

Pollination The tiansfeience of pollen from the stamen to the stigma of 
flow ers 

Pollmia Masses of sticky pollen grams borne m packets and especially 
adapted to transportation bv insects 
Polyphagous Feeding on man} different plants or kinds of food 
Preservation Insurance of the survival of i pathogen by proteetmg it 
from unfavorable environmental conditions 
Prestomal teeth Toothlike structures arising from the deft between the 
labella lobes of the pioboscis of certain Diptera 
Primary infection First infection following a period of quiescence of a 
pathogen 

Proboscis The extended or prolonged mouth parts of an inject 
Proctodaeum The posterior part of the alimentary canal ot insects which 
is of ectodermal origin, the hmd-intestine 
Prosoplastic Overgrowth in which new tissue is composed of well-dif- 
ferentiated elements 

Protoplasmic membrane A semipermeable membrane consist nig of the 
thin outer layer of the protoplasm of a cell 
Protozoa Single-celled animals without true tissues or true organs 
Proventriculus A specialized part of the fore-intestine immediately 
anterior to the ventnculus 
Pseudotracheae False tracheae 
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Pseudovitellus The mycetome of aphids 
Pubescent Having abundant trichomes 

Pycmdmm A hollow iniilticcllulai fruiting body m which isevual spores are 
produced, chaiacteiibtic of the Sphaeropsidales and certain Ascomy cetes 
Pycnium A pycnidiumlike structuie m the rusts m which are produced 
haploid spores that serve as agents of diploidization 
Rectum The posterior pait of the hind-mtestme, opening at the anus 
Rickettsia Minute bactenalike microorganisms that live symbiotically m 
the bodies of insects by which they often may be transmitted to highei 
animals on which they may become pathogenic 
Rogumg The removal of plants because of disease or other undesired 
characters 

Saprophyte A plant that lives upon dead organic matter 
Sclerotxzed Infiltrated with a hard or tough substance 
Secondary infection Infection m a period of active spread of a disease 
Self-pollination The transference of pollen from the stamen to the stigma 
of the same flower 

Setae Hollow, pointed, articulated hairs foimed by a modified epidermal 
cell 

Setal sheath A sheath surrounding the feeding puncture made m plant 
tissue by a homopterous insect, probably formed by the saliva of the 
insect reacting with the plant sap 

Spermatheca The reservoir in the female insect which receives the sperm 
during or shortly after copulation 

Spondium Small spores produced on the basidia or promycelia of smuts 
and rusts 

Sporozoites Minute individuals produced by the oocyst of the malarial 
parasite The form that invades the salivary glands of the mosquito 
Stele The avis or central cylinder of vascular plants consisting of the 
conducting tissues and associated supporting tissues 
Stigma The surface of the style of a flower through which the germinating 
pollen gram penetrates to reach the o\ ary 
Stigmonose A diseased condition resultmg from localized injury caused 
by insect punctures 

Stomata (szng stoma) Specialized openings m the epideiims adapted for 
exchange of gases 

Stomodaeum The anterior part of the alimentary canal of insects which 
is of ectodermal origin, the fore-mtestme 
Stylets Small slendei sclerotized processes of the insect exoskeleton 
Suscept An organism that is susceptible to a given disease 
Symbiote = Symbiont. One partner of a symbiotic relationship Com¬ 
monly apphed to a microorganism symbiotic with a more highly devel¬ 
oped organism 

Symbiosis The condition of living together of two organisms of different 
species m close spatial relationship Often used m a restricted sense 
implying mutualistic symbiosis 

Teliospore A spore of the Uredimales, usually a resting spore, that on 
germmation produces a promycelium or a basidium 
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Thorax The second or intermediate region of the insect body, bearing the 
true legs and wings 

Toxicogemc Capable of producing i toxic substance Insects that 
introduce a toxic substance into the plant while ieedmg are said to be 
“ toxicogemc ” 

Toxuuferous Actively producing a toxic substance Toxicogemc insects 
may temporarily lose their ability to produce the toxic substance, m 
which case they would not be toxuuferous 
Transmission The acts of disseminating and inoculating mclusiv ely, the 
act of perpetuating a disease from one generation to another as through 
seed or vegetative propagation 

There is some difference of opinion among plant pathologists m 
regard to the use of the phrase “disease transmission ” Some main¬ 
tain that a disease, not being a concrete bode, cannot be transmitted, 
only the pathogen or infectious agent being subject to transmission 
The same objection is raised to the use of “disease dissemination ” 
The author believes that these objections are not entirely v ahd and that 
there is ample justification, both etymological and traditional, for the 
use of either phrase However, from the standpoint of the phenomena 
of plant disease development, there appears to be some justification for 
not using the two terms interchangeably In this book, an effort has 
been made to use the term “dissemination” only m connection with the 
pathogen This restricted use is based on the concept that the patho¬ 
gen may be disseminated widely but the disease is not transmitted until 
inoculation and infection have occurred Thus, an insect may dissemi¬ 
nate a pathogen wothout i? ansmittmg the disease 
Transpiration Loss of water b^ evaporation through stomata 
Trichogen The modified epidermal cell of msects from which the setae 
arise 

Trichomes Modified hairlike epidermal cells of plants 
Vagina The egg passage formed by the union of the oviducts and through 
which the egg passes to the ovipositor 
Vector An agent of dissemination or inoculation or both 
Ventnculus The mesenteron, or mid-intestine 
Viable Living or capable of growth 

Virulence The degiee of ability to pioduce disease A measure of 
pathogenicity 

Viruliferous Capable of inducing a vnus disease by feeding on the suscept 
Infective, m regard to virus diseases 
Virus An ultramicroscopic, filterable, infectious agent 
Vitellarium That part of the egg tube m w hich the oocytes grow to mature 
size 

Wound cork Cork tissue formed in the process of healing a wound 

Zoocecidium A plant gall caused b> the action of an animal 

Zygote An mdividual formed by the union of two gametes of opposite sex 
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Bombyx mon , disease of, 33 
Boophilus annulatus, a \ector of 
Texas fever, 519, 520 
Bostrychophtes, sp , 52 
Botrytis anthophtla and bees, 252- 
253, 489 

Breeding habits, of insects, as re¬ 
lated to disease transmission, 
494, 509-512 

of insect vectors, as related to 
cultural piactices, 611 
Breeding hosts, choice of, by insect 
vectors, 511 
Bromatia, 75, 76 

Brood tunnels as infection courts, 
509 

Brown rot of stone fruits, 261 
Bubonic plague, transmission of, by 
fleas, 527, 528 
Buccal cavity, 464, 465 
Bud rot of carnation, 399, 400, 401 
Burrowing insects as vectors, 496 
Bursa copulatrix, 52, 474 
Buttervvort, 20, 21 


C 

Cabbage, blackleg of, 262 

club root of and earthworms, 
415 

and Myzus persicae , m relation 
to potato viruses, 503 
protozoa in, 391 

Cabbage maggot, and cabbage 
blackleg, 262 

and soft rot of crucifers, 178- 
179 

Cactoblasfos caciorum and bactenosis 
of prickly pear 15, 16, 202, 204 
Caeca, 464, 467, 468 
Cages, for feeding viruses to sucking 
insects, 536, 537 
insect, 546-547 

Calcoris bipunctatus a a \ector of 
leaf roll, 325 
Calhophora vomitaria , 50 
Callus m relation to infection, 438, 
439 

Calotermes flavicolhs, intestinal tract 
of, 73 

Capnodium atn and honey-dew - 
secretmg insects, 260 
Capnfigs, pollination of, 42 
Capsid bugs, toxicogemc nature of, 
132, 133 

Carbol fuehsm and light-green stain¬ 
ing formula, 555 

and picnc-acid staining formula 
556 

Cardiac % ah e, 464 
Carnation, bud rot of, 399-401, 400 
Carohnma cypen as a vector of 
sugar-cane mosaic, 323 
Carpophilus hennpterus and souring 
of figs, 239 240 
Cassava mosaic, 368, 369 
Cauliflow er spot disease of, 206 
Cecidia, 146-153, 148 
Celerv, heart rot of 179, 180 
Celery mosaic, southern, as in¬ 
fluenced bv weeds, 501, 502 
western, aphids as vectors of, 320 
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Cellophane, use of m making insect 
cages, 546 

Ceiambycidae, opposition by, 476 
Cer atostomella ips, and baik beetles, 
217-244, 220 
fimbnata , 404 

piceaperda and Dendrodonus 
piceapeida , 224 

pseudotsugae and Dendrodonus 
pseudotsugae, 224 
s pp adaptations for insect dis¬ 
persal of spores, 487, 488 
ulrni and elm bark bettles, 224- 
234 

Ctioplades ftondmsis and sooty 
mold, 260 

Chaetocnema denticulata , and bac- 
tenal wilt of corn, 186-190, 188 
puhcana and bacterial wilt of 
corn, 186-190, 188 
Chanesterus cuspidatus , 389, 391 
Chermes cooleyi and a bacterial gall 
of Douglas fir, 204 
Chestnut blight , 256-258 
and birds, 258 

Chewing-lapping mouth parts, 461, 
462 

Chiropterophily, 36 
Chitm, 447, 448 
Chorion, 471-472 
Cicadula divisa , 337, 338 
sexnotata, as a vector of aster 
yellows, 337 

Cicadulma mbila, active and inactive 
strains of, 341 

as a vector of corn streak, 340, 
341 

as a vector of the mottle virus 
of corn, 342 

movement of virus in, 341 
storeyi, as a vector of streak and 
mottle of corn, 346-342 
zeae , as a vector of streak and 
mottle of corn, 340-342 
Citrus white fly and sooty mold, 260 
Classification of msect-transmission 
phenomena, 106-109 


Clavicip s paspah, dissimulated by 
beetles, 215 

puipwea, 213-217, 214, 485 
spoie formation in, 485 
tiansimsbion by flies, 215-217 
Coccobacillus acndiorum, 28 
Coffee, phloem neciosis of, 392-394 
stigmatomycosis of, 251 
Coleoptera as vectors of vnus dis¬ 
eases, 287-288 
Colletenal glands, 475 
Colletotnchum att omenta) turn, and 
root nematodes, 411-412 
falcatum , and the cant moth bom, 
263 

hndemuthianum, penctiation of 
the cuticle by, 426, 427 
Colon, 464, 470 

Commehna nudiflota and aphids m 
relation to southern ccleiy 
mosaic, 501, 502 
Commensalism, 46 
Congenital transmission, of Babesia 
bigemma through eggs of ticks, 
520 

of vnuses by insect vectors, 300- 
302 

Conotrachelus nenuphai and brown 
rot of fruits, 261 

Control of insects in experimental 
greenhouses, 545 

Coopeiation between entomologists 
and plant pathologists, 5-7, 534, 
535 

Copaiasitism of Dilophospora 
alopecuri and Tylenchus tnticz , 
408 

Copnnus lagopus , diploidization of, 
by insects, 111, 112 
Coprophilous fungi, spore germina¬ 
tion of, 485 
Cordyceps, 31, 32 

Corn, bactenal wilt of, 4, 185, 186, 
187-190 

Corn flea beetle, 4 
Cotton, leaf curl of, 367, 368 
Cotton stainers and stigmato¬ 
mycosis, 246-248 
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Cranberry, false blossom of, 349- 
352, 350 

Crop, 464, 465, 466 
Cross-pollination, biological signifi¬ 
cance of, 35 

Crow n gall and soil insects, 102 
Ciyptonhynchus lapathi and bac¬ 
terial wilt of wallows, 199-200 
Crystal violet for inhibiting Gram¬ 
positive bactena, 550 
Ciystallme viius, isolation of, 278 
315, 538-541 

methods of isolating, 538-541 
Cucumber mosaic, 318-320, 319 
insect vectois of, 319 
Cucurbits, anasa wilt of, 146 
baetenal wilt of, 181-184 
Culcx mosquitoes, 523 
Cultural practices, influence of, on 
feeding habits of insects, 504 
Curculio of plums and blow n rot, 261 
Curly top of sugar beet, 326-335 328 
ecological lelations, 8, 9 
Curiants, i evasion of, 369-371, 370 
Cuticle, m relation to infection, 425- 
429, 426, 427 

Cuticula of insects, 447, 448 
Cutm m relation to infection, 425- 
429 

C;y clical transmission, 108 
Cyclodevelopmental transmission, 
108 

Cvclopropagative transmission, 108 

D 

Dactylodius citn and sooty mold, 260 
I)acus oleae , brood tunnels of, m 
i elation to infection, 510 
and olive knot, 50, 191-194 
Data, supplementary to proof of 
insect transmission, 542 
Dehy dration with diovane, 555 
Deltocephalus dorsalis as a vector of 
rice dwarf, 344, 345 
Dendroctonus pondei osa and blue 
stain of ponderosa pine, 218 
spp , feeding habits of, 495 


Developmental stages of insects m 
relation to disease transmission 
542 

Diabrotica duodecimpunciata , and 
bacterial wait of com, 187 
and bacterial wilt of cucurbits, 
183, 184 

as a vector of cucumber mosaic, 
319 

longicoims , and baetenal wilt of 
corn, 187 

wttata, and bacterial wait of 
cucurbits, 182-184, 183 
as a \ ector of cucumber mosaic, 
319 

Diairoea saccharahs and red rot of 
sugar cane, 263 

Dictyophora dupheata and flies 485 
Dietrich’s solution, 554 
Dieuches humulis 388 
Differential killing of insects and 
microorganisms, 558 
Differential media, 550, 551 
Dilophospota alopecia i and nem¬ 
atodes, 408, 409 
Dionaea muscipula , 25, 26 
Diovane, dehydration wath, 555 
Diplodia griffom and the woolly 
aphis, 244 

Diploidization, role of insects m, 
110-117 

Dipterous insects and soft rot of 
plants, 168-181 

Diseases of plants and animals com¬ 
pared, 531-532 

Dissemination of inoculum In in¬ 
sects, 100 

Douglas fir, bacterial gall of, 204 
Dow ny mildew of beans, 244-246 
Drosera , sp , 21, 22 
Drosophila ampelophila , and souring 
of figs, 239 

symbiosis with yeasts, 55 56, 
57 

Drosophyllum lusitamcum , 17 18 
Dutch elm disease, 224-234, 107 
Dwarf of rice, 342-345, 343 
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Dysdeicus cinqulatus, inti stignnto- 
mycosis, 247 

mtnmedius , and stigmatmm costs, 
247 

fasciatus , and stigm xtonrv c osis, 
247 

mgrofaciatus , and stigmatomyco- 
sis, 247 

Dysdeicus , spp, and stigmato- 
mycoses, 246-251 
super stitiosus, and stigmatomyco- 
sis, 247 

E 

Earthworms and club loot of cab¬ 
bage, 415 

Eberthella typhosa , disseminated by 
flies, 529-530 

survival of, through meta¬ 
morphosis of flies, 530 
Ectosymbiosis, 49 
Eelworm disease, of cereals, 412 
of potatoes, 412-413 
Eggs, insect, surface sterilization of, 
552 

Elachiptera costata , and celery heart 
rot, 179 

oviposition habits of, 510 
Elephantiasis and mosquitoes, 95, 
96, 515, 517-519 

Empoasca abrupta, tissue selection 
by, 508, 509 

bifurcata, tissue selection by, 509 
engeion , tissue selection by, 508, 
509 

fabae , 128 

causmg hopperbum, 123-132 
oviposition of, m relation to 
tune of cutting alfalfa, 511 
tissue selection b>, 509 
as a vector of potato yellow 
dwarf, 353 

filamenta, tissue selection by, 509 
maligna , tissue selection by, 509 
Empusa muscae , 28, 29 
Endophylaxis, 444 


Endophytic protozoa, and insects, 
384-391, 490 

insect trinsinission of, 490 
seed transmission ofc, 390 
Endothia paiasitica, disseminated by 
buds, 417-419 
by insects, 256-258 
spore horns of, 257 
Endosepsis of figs, 235-238, 236 
Endosymbiosis, 49, 50 
Entomology, specialized techniques 
m, 534 

Entomophagous plants, 11, 17 
Entomophilous plants, 11, 34 
Entomophily, 34-42 
origin of, 36 
Entomophthora, 29, 30 
sphaerosperma, 30, 31 
Entomophthorous plants, 11, 27 
Enzymes and symbiosis, 56 
Ephestia kuhmella , protozoal dis¬ 
ease of, 34 

Epidermis of insects, 447, 448 
of plants, structure of, m relation 
to infection, 424-429, 425 
Epipharynx, 449, 450 
Epiinz cucumeris, and potato scab, 
261, 262 

and Rhizoctonia solam, 262 
Epiphyla\is, 444 

Eremothecium cymbalanae and plant 
bugs, 247 

Ergot, 213-217, 214, 494 
transmission by pollen-eatmg flies, 
494 

Ermose, 148 
Enophyes nbis, 398, 405 

as a vector of reversion of cur¬ 
rants, 371 
life history of, 372 
Eriophyidae, 398 
Erwima amylovora , 159-168 
cactiada , transmission of, by 
insects, 202-204 

carotovora, isolation of, by using 
host as selective medium, 552 
transmission by Dipterous in¬ 
sects, 168-181 



INDEX 


601 


Erwinia amylovom , bacheiphila, 
tiansmission of, by cucumber 
beetles, 181-184 
Esophagus, 464, 465 
Eumei om tubeiculatus m the dis¬ 
semination of bulb mites, 403 
Euphorbia , protozoa m, 384-391 
Eupterix auratus as a sector of leaf 
loll, 325 

European canker and woolly aphis, 
244 

Europthalmus convwus and the bac¬ 
terial spot of cauliflower, 206 
Euscelis stnatulus as a vector of false 
blossom, 350 

Eutettix tenellus, ecology of, 332-334 
mechanics of feeding b>, 499 
selection of phloem by, 331, 332 
as a vector of curly top, 327- 
334, 329 

Exoskeleton, adherence of spores to, 
483, 484 

of insects, 447-449, 483, 484 
Extracts of viruses, 538 
Exudate, bacterial, 480 

F 

False blossom, of cranberry, 349- 
352, 350 

Feeding, mechanics of 495-501 
Feeding cages for sucking msects 
and virus extracts, 536, 537 
Feeding habits of insects m relation 
to disease tiansmission, 496, 497 
Fig, pollination of, 41, 42 
Fig diseases, 234-240 
Fig v asp, pollination by, 42 
Fiji disease of sugar cane, 354r-356, 
355 

Filaria bancrofti, disseminated b^ 
mosquitoes, 517-519, 518 
Filanasis and mosquitoes, 515, 517- 
519 

Filter chamber and honey dew, 458, 

469 

Fire blight, and bees, 4 
of orchard fruits, 159-168 


Fire blight, and ram drip, 163 
sectors of, 159-168 
Fixing solutions for plant and msc ct 
tissues, 553-554 
Flagellates, m cabbage, 391 
in laticiferous plants, 384-391 
Flea beetles as tec tors of corn wilt, 
185-190 

Fleas and bubonic plague, 527, 
528 

Flies and typhoid fever, 529, 530 
as vectors of fire blight, 166- 
168 

Floral organs m relation to infection, 
434, 435 

Flycatcher, 17, 18 
Follicle, 472, 473 

Food plants, choice of, bv insects, 
501-504 

Fore-intestine, 46A-467 
Formalm-acetic acid-alcohol solu¬ 
tion, 553 

Formica fusca var subserica, 79 
Formulae, for fixing solutions, 553, 
554 

for selective culture media, 551 
for staining solutions, 555-557 
Foul brood, American 28 
European, 28 

Fragrance, of pycnial exudate, 115 
Ft anklimella lycopersici , as a vector 
of spotted wilt, 358-360 
moultom , as a xectoi of spotted 
wilt, 358, 359 

ocadeniahs as a vector of spotted 
wilt, 358, 359 

Freezing as a means of differential 
killing 558 

Froghopper blight of sugar cane 
133 134 

Fungi, inoculum of, 482-490 
Fungus diseases, and msects, 213- 
276 

of insects, 28-33 
Fungus garden, of ants, 74 
Fusanum momhforme var fici , 235 
vasmfectum and grasshoppers 265 
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G 

Galls, ambrosia, 150 
histology of, 152-153 
insect, 146-153, 148 
kataplastic, 152 

mechanism of formation, 149-152 
prosoplastic, 152 

Gardenia bud drop, transmission of, 
by ants and mealy bugs, 206 
Gastric caeca, 464, 467, 468 
and microsymbiotes, 468 
Genitalia, external, 472, 473 
internal, 471-475, 472 
Germanum, 472, 473 
Glands, accessory, 472, 475 
colletenal, 475 
rectal, 470 

salivary, 464, 462, 463 
spermathecal, 475 

Gleosporium perennans and woolly 
aphis, 240-244 
Glossma, 53, 521, 522 
morsitans, vector of nagana dis¬ 
ease, 621 

palpahs, vector of sleeping sick¬ 
ness, 621, 522 

tachmoides, vector of sleeping 
sickness, 522 
Gonopore, 474 

Gram-positive bacteria, inhibitions 
of, 550 

Gram-Weigert stain, modified, 556- 
557 

Graphtum uhm and elm bark beetles, 
224-234 
Grassene , 33 

Grasshoppers, and cotton wilt, 265 
diseases of, 28 

Green spottmg of pineapple, 137, 

138, 139 

Greenhouses for study of insect 
transmission, 544-646 
Gummosis of sugar cane, transmis¬ 
sion of, by flies, 198, 199 
Guttation m relation to mfection, 
432, 433 

Gypsy moth, diseases of, 33 


H 

Ilamamehstes spmosus , assotntcd 
with bactena, 207 
gall of witch hazel caused by, 148 
Heait lot of celery, 179 

of comfeis and wood-bormg in¬ 
sects, 265-268 

Hehothmps femotahs and bean bac- 
tenosis, 206 

Hehx hortensts as a vector of patho¬ 
genic fungi, 415-416 
Helopeltis begrothi , toxicogemc na- 
tuie of, 132, 133 

Hemipteia as vectors of virus dis¬ 
eases, 287 

Her petomonas, the genus, 386 
elmasstam, 386 
lygaeorum, 391 
oncopelti, 391 

Hetetodeta mar tom, and root-rot 
fungi, 411 

mouth paits of, 407 
schactu, and potato sickness, 
411-412 

and root-iot fungi, 411 
Heterotliallic fungi, diploidization of 
through agency of insects, 110- 
117 

Heteiotiopine oigamsms, 54 
Hmd-mtestme, 464, 469, 470 
Histioqastu funqivo)ax and Caa- 
todomdla ulmt, 402 
Histological methods, 552-557 
Homopteia, mti xcellulai symbiosis 
in, 84-87 

as vectors ot vnus diseases, 285 
Honey dew and sooty mold, 469 
Honeybee, diseases of, 27, 28 
as vectors of fire blight, 161-167 
mouth parts of, 461, 462 
Hopperburn, 125-132 
compaied with tipburn, 125-126 
influence of, on toxicity of Pseudo¬ 
coccus brevipes, 504 
nature and cause of, 129 
nature of resistance to, 131, 132 
of potato, 127 
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Hopperburn, pubescence of plants 
and resistance to, 131, 132 
Host plants as selective media, 551 
Host lelationships of aphids, 503, 
504 

Hosts, breeding, selection of, by in¬ 
sect vectors, 511 

choice of, m i elation to vectors 
of sugai-cane mosaic, 504 
Hyalopteius atuplicus as a \ector of 
virus diseases, 317 
Hydathodes m i elation to infection, 
432, 433 
Hjdrophily, 35 

Hylemym brassicae , and cabbage 
blackleg, 262 

and soft rot of crucifeis, 178- 
179 

cihctuia, endos} mbiosis of bac¬ 
teria v ith, 50 

and bacterial w lit of corn, 188 
and potato blackleg, 171, 178, 

172 

tnchodactyla , and potato blackleg, 
171 

Hylobmm abzetzs, 50 
Hylut gopznus) ujipes , and Dutch elm 
disease, 227 
feeding habits of, 495 
H>popharyn\, 449, 450, 451 
Hypopus, 399, 403 
Hysteroneura setanae as a "vector of 
sugar-cane mosaic, 323 

I 

Ileum, 464, 470 

Incubation penod of vnuses m in¬ 
sect vector, 291-295 
Infection, primary and secondary m 
relation to msect transmission, 
542 

Infrabuccal chamber, 465 
Infrabuccal pellet, 76, 465 
Infrabuccal pouch, 76, 465 
fungus spores in, 77, 78, 79 
Digression, role of insects m, 101 
Inocula, of plant pathogens, 478-492 


Inoculation b} insects, 100 
Inoculum, bacterial, 479 480 
functions of, 478, 479 
of mistletoe, 419, 420, 491 
nature of, 478 

of pathogenic seed plants, 490 
of protozoa, 490 
of viruses, 490, 491 
Insect galls, 146-153, 148 
Insect transmission of animal dis¬ 
eases, 9, 514-533 
of plant and animal diseases, 9, 
531, 532 

Insects, abundance of, as a factor in 
disease, 511, 512 
fluctuations m, 511, 512 
as aids in the spread and de\ elop- 
ment of diseases, 99 
anatom} and physiolog} of, 447- 
477 

and bactenal diseases, 158-212 
burrowing, 496 
diseases of 27-34 
fluctuation in populations of, 511, 
512 

and fungus diseases, 213-276 
migration of, 504-506 
monophagous, 14 
motility of, 504-506 
numbers of species known, 493 
oligophagous 14 

paiasites of, in relation to fluctua¬ 
tions m population, 511, 512 
and phytopathogemc protozoa 
384-396 

polyphagous 14 
and Polypoi us volvatus , 268, 269 
m relation to plant diseases, his¬ 
torical, 93-99 
S} mposia on, 98, 99 
toxicogemc, and feeding methods, 
501 

and virus diseases, 277-283 
Inspissosis of citrus fruits 249 
Interrelationships of plants and 
insects, 11-46 
Intestine, anterior, 470 
posterior, 470 
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Invasion, lole of insects m, 102 
Ips emai gmatus, and Cei atostomella 
ips, 223 

giandicollis , and blue stain of 
conifeis, 217-224 
integer , and Cei atostomella ips, 223 
oiegom , and Cei atostomella ips, 223 
pim, and blue stain of conifers, 
217-224 

spp , feeding habits of, 495 
I thy phallus coralloides, spores dis¬ 
seminated m excreta of flies, 487 
Ixodes ncinus , a vector of Texas 
fever, 519, 520 
Ivanoff’s agar, 551 

J 

June grass, silver top of, 399-401 
K 

Kalotermes minor , 70 
Kataplastic galls, 152 
Kernel spot of pecans and Nezaia 
vindula, 249-250 

Klendusity, influence of pubescence 
on, 429 

m relation to false blossom of cran¬ 
berry, 442 

in relation to raspbeiry mosaic, 
441 

Koch’s postulates, 535, 536 
and obligate pansites, 536 
and virus diseases, 536 
Krauselkranhheit of sugai beet, 364- 
366 

L 

Labella of sponging mouth parts, 458 
Labium, 449, 460, 451 
Laboulbemales, 32, 33 
Labrum, 449, 450 

Lasiodiplodia triflorae and the peach- 
tree borer, 264, 265 
Latent period of virus m plant, 295 
Latent virus of potato, 373 
Latex, protozoa m, 384-391 


Latex cells, 386-387 
Latex ducts, 386-387, 439 
m relation to infection, 439 
Latex vessels, 386-387 
Laticiferous plants, protozoa m, 384- 
391 

Leaf cuil, of cotton, 367, 368 
of sugai beet, 364-366 
Leaf hoppeis, as vectois of virus 
diseases, 286 

mechanics of feeding by, 499-501 
Leaf roll, of potato, 324-326 
insect vectors of, 325 
tissue selection by aphids m rela¬ 
tion to, 508 

Lecamocola saissetiae , 85 
Lentmus atticolus , 77 
Leptmotaisa decimhneata , and bac- 
tenal wilt of Solonaceae, 201, 
202 

and tomato leaf spot, 259 
Leptoglossus bolteatus , and stigmato- 
mycosis, 246 

zonatus, and mspissosis of citius 
fruits, 249-250 
the genus, 386 
Leptomonas bordasi, 386 
damdi, 384-391, 388 
cychc changes m, 388-389 
Leptosphacna coruothryium and tree 
cnckets, 253-256 

Leptostylus macula and chestnut 
blight, 258 

Leptura nitens and chestnut cankei, 
258 

Lice, and tiench fever, 529 
and typhus fever, 529 
Light, txansimssion of, by matenals 
for insect cages, 546 
Light tiap, insect, 548 
Lincus spathuligei , piobable vector 
of phloem neciosis of coffee, 
393-394 

Loranthaceae, dissemination of, by 
birds, 491 

Lygus pratensis , and celery heart rot, 
180 

as a vector of fire blight, 161 
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M 

Mac/opsis tnmaculata, as a vector of 
peach yellows, 347-349 
seasonal abundance of, 349 
Macrosiphum ambtosiae, mechanics 
of feeding by, 499 
get, as a vector of vims diseases, 
285, 319 

pisi , as a vector of virus diseases, 
317 

ludbechae , mechanics of feeding 
by, 499 

solamfoln, as a vector of virus 
diseases, 316, 325, 353 
tissue selection by, m relation 
to potato leaf roll, 508 
Macrosteles dmsa as a vector of aster 
yellows, 337, 338 
Macwtennes gilvus , 69 
Maize, stieak of, 339-342 
Malaria and mosquitoes, 516,523-525 
Malicophil}, 35 
Malpighian tubules, 464, 470 
miciosymbiotes m, 57 
Man as agent ot vuus dissemination, 
283 

Mandibles, 449, 450 
Mandibulai bristles, 455 
Mandibular setae, mechanics of 
penetration by, 456, 457, 458 
Mangoes, leaf spot, fruit scab, and 
fruit rot of, 132-133 
Matrix of fungus spoies attractive to 
flies, 485-487 
Maxillae, 449-450 

Mealy bugs, and bud drop of gai- 
denia, 206 

and pineapple wilt, 134-137 
md sooty mold, 260 
as vectors of v uus diseases, 287 
Mealv-bug wilt of pineapple, 134- 
137, 135 

Mechanical transmission of viruses, 
288 

Mechanics of feeding, by aphids and 
leaf hoppers, 498-501 
and disease transmission, 495-501 


Media, differential, 550, 551 
Medical entomology,, histor} of, 
514-517 

1legmmetta ulna, and Ceratmto- 
mella ulnn, 402 
Membrane, pentrophic, 467 
Meroistie ov anole 473 
Mesenteion, 464, 467-469 
Methods histological, 552-557 
manuals of 553 
microbiological, 549-552 
of investigating insect transmis¬ 
sion 534-561 

Microbiological methods, 549-552 
Microbi aeon hebatoi, 34 
Mierocages, m insect-transmission 
stud}, 546, 547 
Microsymbiote, 47 
Microtnchia 448 
Mid-intestine, 464, 467-469 
Migiation, of msects, 504-506 
causes of, 506 

Milkweed, protozoa m, 384-391 
Mistletoe, berries of, 420 
disseminated b\ buds, 419-421 
inoculum of, 491 

Mites, and Ceratostomdla ulmi , 401, 
402 

and Dutch elm disease, 234 
as gall producers, 148 
as vectors of blue-stain fungi, 401- 
402 

as vectors of plant diseases, 397- 
406 

Monarth) urn mah, tunnels of, 61 
Momeziella arborea and Cerato¬ 
stomdla ulnn, 402 
Monika Candida , 59, 67 
Monocharnus notatus , and Fono- 
phoia gigantea, 265-268 
scutellatus , and Pemopkota gigan- 
tea, 265-268, 266 
Mosaic, of cassava, 368, 369 
of cucumber, 318, 319 
of sugar cane, 320-324, 321 
of tobacco, 315, 316 
western, of celery, 320 
of wheat, 372 
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Mosquitoes, and elephantiasis, 95, 
96, 515, 517-519 
and malaria, 516, 523-525 
and yellow fevei, 516, 525, 526 
Moth boier of sugar cane and red 
lot, 263 

Motility of insects, 504-506 
Mouth parts, chewing, 449-451, 450 
chewing-lapping, 461 , 462 
classification of, 449 
essential structures of, 449, 450 
of honeybee, 461 , 462 
of insects, 449-462 
of maggots, 452, 453 
piercing-sucking, 454-458 
raspmg-suckmg, 451, 452 , 453 
siphoning, 459, 460 , 461 
sponging, 458, 459 
of Thnps tabaci, 451, 462 , 453 
Musca domestica , 50 
a vector of typhoid fever, 530 
Mushroom diseases and insects, 263 
Mutmus curtisn and flies, 485 
Mutual benefits of vn us-vector as¬ 
sociation, 304-305 
Mutualism, 46 
Mycelium as inoculum, 482 
Mycetocytes, 49 
Mycetomes, 49 

and toxicity of insect saliva, 59 
and viruses, 59 

Mycogone , sp , and insects, 263, 264 
Mycorrhizae, 48 

Myzus circumflexus, as a vector of 
virus diseases, 316, 319, 325 
persicae , and peach trees in rela¬ 
tion to potato viruses, 502,503 
as a vector of virus diseases, 
285, 296, 300, 304, 316, 325, 
326 , 353 

mechanics of feedmg by, 499 
pseudosolant , as a vector of virus 
diseases, 316, 319, 325 

N 

Nagana disease and the tsetse fly, 
516, 520, 521 


Nawaschm solution, formula for, 553 
Nectanes m relation to infection, 
434, 435 

Nectna qalhgena and woolly aphis, 
244 

Nematode-entiappmg fungi, 27 
Nematodes as vectors of plant 
diseases, 397, 406-414 
structure of, 406, 407 
Nematospora coryh , and plant bugs, 
247 

gossypn, and plant bugs, 247 
phaseoli, and Nezara hilans , 248- 
249 

spp , and plant bugs, 246-251 
Nephotettix apicalis, as a vector of 
rice dwarf, 342-345 
congenital transmission of virus 
m, 344, 345 

New diseases, origin of, and insects, 
103-105 

Nezara hilans , and yeast spot, 248, 
249 

spp , and stigmatomycoses, 246- 
251 

mridula , and kernel spot of pecan, 
250, 251 

and stigmatomycosis, 246-251 
Nitrogen, concentration and sym¬ 
biosis of, 56 

Nitrogen economy m termites, 72-74 
Nosema bombycis , 34 
Nurse cell, 473 
Nysius euphorbiae, 388 

0 

Oats, blade blight of, 206 
Obligate symbiosis, 53 
Obligatory transmission of viruses 
by insect vectors, 299 
Odor, of bacterial exudate, 480 
of ergot, 217 

of fungi, attractive to insects, 115, 
217, 285-287 
of pycmal exudate, 115 
of stmkhorn fungi, 485-487 
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Oecanthus angushpenms, and tree 
cricket cankers, 255, 256 
excla?natioms, oviposition punc¬ 
tures of, 510 

mveus, and tree-cricket canker, 
254, 255 

oviposition punctures of, 510 
Olive fly, anatomy of, m relation to 
bacterial symbiotes, 191, 192 
and olive knot, 191-194 
Olive knot, 190-194 
and Dacus oleae, 191-194 
Oncopeltis fasciatus , 390 
Onion, yellow dwarf of, 316, 317 , 318 
Oocytes, 372, 373 
infection of, by microsymbiotes, 
473 

Oogoma, 472 

Ooze, bacterial, and file blight, 162 
Opuntia, eradication of, 14-16 
mermis, 15 , 16 
Ormthophily, 36 

Orthoptera as lectors of virus dis¬ 
eases, 284 
"‘Ovanes, 472, 473 
Ovariole, 472, 473 
acrotrophic, 473 
meroistic, 473 
panoistic, 473 
polytrophic, 473 
Oviduct, lateral, 472, 473 
median, 472, 473 
0\ iparous reproduction, 471 
Oviposition punctures, and infec¬ 
tion, 510 

Ovipositor, 475 , 476 
Ovovivipaious reproduction, 471 
Oxygenation as means of defauna- 
tion of termites, 558 

P 

Pamcum barbmode , and mealy-bug 
wilt of pineapples, 136 
Panoistic ovariole, 473 
Parasites of insects in relation to 
population fluctuations, 511, 
512 
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Parasitic fungi, transmission of 
viruses through, 283 
Parasitism, 46 

Paratnoza cockerelh , 141, 145 , 542 
de\ elopmental stages of, and \ el- 
lows production, 542 
Pasteurella pestis, transmitted by 
fleas, 528 
PatePs agar, 551 

Peach trees and Jlyzus persicae m 
relation to potato virus diseases, 
502, 503 

Peach mellows, 345-349, 346 
Peas, fire blight of, 159-168 
Pecan, kernal spot of, 250, 251 
Pediculopsis dianthophilus (see P 
grammum 400) 

grammum, \ ector of carnation bud 
rot, 398 , 399-401 

Pediculus humanus a vector of 
trench fever, 529 
a vector of t\ phus fever, 529 
Penetration of plants b} sucking in¬ 
sects 456 , 457 , 458 
Pemophoia gigantea and heart rot of 
conifers 265-268 

Perenmal canker of apple, 240-244 

241 

Periderm, in relation to infection, 
435, 436 

Pentrophic membrane, 467 
Perhmsiella sacchai acida^ as a \ ector 
of Fiji disease, 355, 356 
vastatnx , as a vector of Fiji dis¬ 
ease, 355, 356 

pH gradient, and tissue selection 
by the beet leaf hopper, 9 
507 508 

Phalloidei, spores of, disseminated 
bv flies, 486, 487 
Pharynx, 464 , 465 
Pheidole biconstricta , attendant upon 
Lineus spathuhger , 393 
magacephola , attendant upon 

Pseudococcus brempes , 136 
Phloem, selection of, and virus 
transmission 507, 508 
Phloem necrosis of coflee, 392-394 
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Phoma ling am and the cabbage mag¬ 
got, 262 

Phihia picta and stigmatomycosis, 
246 

Phyllophaga spp and bactenal wilt 
of com, 187 

Physiology, of insects m relation to 
disease transmission, 447-477 
of plants m relation to infection, 
440-444 

Phytomonas, the genus, 386 

angulata , transmission of, by 
tobacco worm, 205 
campestns , transmission of, by 
slugs and cabbage worm, 205 
citu , isolation of, by using host as 
selective medium, 552 
cot onofaciens, transmission of by 
aphids, 206 
leptovasorum , 392-394 
macuhcola, transmission of, by the 
led-bordered stmkbug, 206 
medicagims, transmission of, by 
thnps, 206 

melophthora, and the apple mag¬ 
got, 194-198 

saliczperda , transmission of, by 
the willow borer, 199-200 
savastanoi, and the olive fly, 191— 
194 

solanaceai um, ti ansmission of, by 
the potato beetle, 201, 202 
stewarti , 185-190 
a selective medium foi, 551 
tumefamens , a selective medium 
for, 551 

vascularum, dissemination of, by 
flies, 198, 199 

Phytopathology, specialized tech¬ 
niques m, 534 
Phytophagous insects, 11 
Phytophthora phaseoh dissemination 
of, by bees, 244-246 
Phytotovemias, 123 
Piercing-sucking insects, methods of 
penetration by, 456 , 457 , 458 
Piercmg-suckmg mouth parts, 454 - 
458 


Piesma cinetea , as a vectoi of sugai- 
beet savoy, 366 

quadtata, as a vectoi of sugar-beet 
leaf tuil, 365, 366 
development d stages of, ind 
virus transmission, 542 
Pineapple, gieen spotting of, 137, 
138 , 139 

mealy-bug wilt of, 134, 135 
yellow spot of, 360-364, 361 , 362 
Pineapple yellow spot, piobable 
identity of, with spotted wilt, 
363 

Pmguicula , 20 

Pmus pondetosa and Dendroctonus 
ponder osae , 218 
Pitchei plants, 18, 19 
Plant hoppeis as vectors of virus dis¬ 
eases, 286 

Plasmodesmata, m i elation to virus 
infection, 431-432 

Plasmodiophot a btassicae and earth¬ 
worms, 415 

Plasmodium falmpat urn, transmitted 
by Anopheles mosquitoes, 523, 
524 

malanae, tiansmitted by Ano¬ 
pheles mosquitoes, 523, 524 
mvax, 523, 524 , 525 
transmitted b\ Anopheles mos¬ 
quitoes, 523, 524 

Pleisicoi is t ugicollis , to\icog( nu 

natuic ol, 132 133 
Plum wilt uid the peach boiei, 264 
Plusia bt assicae and the black i ot of 
crucitcis, 205 

Poa pratensis , silvei top of, 399-401 
Pollen, transmission of viruses 
through, 282 

Pollen-eating flies as vectors of 
ergot, 494 

Pollination, agents of, 35, 36 

compaied with insect transmis¬ 
sion, 109, 110 
kinds of, 34, 35 

insect adaptations favoring, 39-43 
plant adaptations favoring, 37 , 38 , 

39 
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Pollimi, 38 

Polonium, use m stud} of msect- 
virus relationships, 558 
Polyhedral disease of insects, 33 
Polypoius volvatus and bark beetles, 
268, 269 

Polytrophic, o\anole, 473 
Populations of insects, fluctuation 
of, 511, 512 

Potato, blackleg of, 168-178, 169 
leaf roll of, 324-326 
psyllid >ellows of, 141-146, 142, 
143 

spmdle tuber of, 312-315, 313 
unmottled curly dwarf of 313-315 
X virus of, 373 
yellow dwarf of, 352-354 
and led ckw er, 501 
Potato leaf roll, insect \ ectors of, 325 
Potato scab, 261, 262 
Potato sickness and loot nemitodes, 
411-412 

Potato tipburn, 5 

Potato \ uuses, influence of peach 
trees on, 502, 503 

Preservation of plant pathogens, 
role of insects m, 99, 103 
Prestomal teeth, 458 
Prickly pear, bactenosis of, 15, 202- 
204 

eradication of, 14-16 
Primary infection and secondary in¬ 
fection, 542 

Pioblems m taxonomy of insect 
vectois, 543 
Pi octod lel v live, 464 
Proctodaeum, 464, 469, 470 
Pionuba moth, pollination of \ueca 
by, 39-41 

Propagative tiansmission, 10S 
Proteus noctarum , 28 
Prosoplastic galls, 152 
Protozoa, m laticiferous plants, 384- 
391 

pathogemcity of, 385-386 
inoculum of, 490 
insect dissemination of, 490 
pathogenic to insects, 34 


Protozoa, ph> topathogemc 384-390 
Pro\ entnculus, 464, 465, 466 
Pseudococcus brenpes, 134, 136, 137 
138, 139, 140 

and green spotting of pineapple, 

137- 140 

influence of host on toxiciti ot, 

138- 140 

micros\ mbiotes of, 140 
Pseudotar sonemoides mnumei abih s 
and Ceratostomella ulmi, 234,402 
Pseudotracheae, 458 
Pseudo\ itellus, 51, 85, 86 
Psylla mah, 30, 31 
Psjllid \ ellows of potatoes, 141-146, 
142, 143 

Psylhodis affinis as a \eetor of leaf 
roll, 325 

Pubescence, m relation to hopper- 
burn, 429 

m relation to mfection, 429 
in relation to klendusity, 429 
of plants and lesistance to hopper- 
burn, 131 132 

Pucania gr anunis , diploidization of, 
by insects, 113-116 
hehanthi, diploidization of, by 
msects 112, 113 
Puffing of ascospores, 488 
Punctures ovxposition of, as a\e- 
nues of mfection, 510 
P\lonc \al\e, 464, 470 

R 

R idioaetive substances, use m study 
of insect-^ irus relationships 
557 558 

Rim drip and fixe blight, 163 
RasouttioufsLya spp , dissemination 
of, b} birds, 491 
Rats and bubonic plague, 528 
Rectal caecum, 470 
Rectum, 464, 470 

Red-bordered stmkbug and cauli¬ 
flower leaf spot, 206 
Red clover, m relation to potato 
} ellow T dwnrf, 501 
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Red clover, resistance of pubescent Rust fungi, adaptations of, for insect 


varieties to lioppeibum, 131 
Rcd-watei fever and cattle ticks, 
519, 520 

Regurgitation by Dipteious insects, 
459 

Repioduction, organs of, 471-476, 
472, 473, 475 
oviparous, 471 
ovovivipaious, 471 
viviparous, 471 

Resistance, of grapes to phylloxera, 
442-433 

of peas to aphids, 443 
of plants to insects, 440-444 
nature of, 443-444 
of sorghum to chinch bug, 443 
Reticuhtermes hespeius, 68, 70 
Reversion of currants, 369-371, 370 
Rhagoletis pomonella , and bacterial 
rot of apple, 194-198 
brood tunnels of, and infection, 
509, 510 

esophogeal bulb of, 196, 197 
ovipositor of, 475 

Rhizocioma solom and Epitnx 
cucumens , 262 

Rhizoglyphus hyacmthi and decay of 
bulbs, 402, 403 
Rhizopertha dormmca , 52 
Rkopalosiphum dianthi , mechanics of 
feeding by, 498 

ptumfoliae , as a vector of virus 
diseases, 317 

Rice, dwarf of, 342-345, 343 
Rickettsia , nature of, 86, 87 

prowazekn , transmitted by lice, 
87, 529 

qumtana , transmitted by lice, 529 
Root hairs m relation to infection, 
435, 436 

Root nematodes and root-rot fungi, 
411-414 

Root nodules of legumes, 47, 48 
Rozites gongylophora , 76 
Rules of proof, for insect transmis¬ 
sion, 541, 542 
for pathogenicity, 536 


diploidization, 116, 117 
diploidization of, by insects, 112- 
117 

S 

Sacchai omyces anobu , symbiosis of, 
with drugstore beetle, 83 
Saissetia oleae , intracellular sym¬ 
biotes in, 84, 85 

Saline solution, use of, m aseptic 
dissection of insect vectois, 552 
Salivary glands, 454, 462, 463 
Sapeida tridentata and Dutch elm 
disease, 228 

Savoy of sugar beet, 365, 366 
Scab of potato and the potato flea 
beetle, 261, 262 

Scale insects as vectors of virus 
diseases, 287 

Scaptomyza gi ammum and celery 
heart rot, 179, 180 
oviposition habits of, 510 
Scatopse pulicaria and the transpor¬ 
tation of bulb mites, 405 
Schizoneura lamgera, and Diplodia 
griffom, 244 

and European canker, 244 
and perennial canker, 240-244, 

242 

renewal of setae by, 456 
Sclerotia of fungi, 482 
Sclerotmia gladioli , adaptation of, 
for insect diploidization, 117 
sclerotioi um, puffing of ascospores 
of, 488 

spp , and the plum curculio, 261 
Scolytus affinis , and Dutch elm 
disease, 227 

laems, and Dutch elm disease, 227 
multistriatus , and Dutch elm 
disease, 22^234, 228 
feeding habits of, 495 
influence of wind on movement 
of, 505 

praeceps, and brown stain of white 
fir, 224 
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Scolytus pygmaeus, and Dutch elm 
disease, 227 

scolytus , and Dutch elm disease, 
224-234 

feeding habits of, 494, 495 
subscabe? , and brow n stam of w hite 
fir, 224 

sulcatus , and Dutch elm disease, 
227 

suloifrons , and Dutch elm disease, 
227 

ventrahs , and brown stain of w hite 
fir, 224 

Scotch tape and Cellophane m mak¬ 
ing insect cages, 546 
Secondary infection and primary in¬ 
fection, 542 

Secondary roots, m relation to in¬ 
fection, 436 

Seed, dissemination of viruses m, 
281-282 

Seed-corn maggot, and bacterial 
wilt of com, 188 

and potato blackleg, 171-178, 172 
and soft rot, 4 

role of bacteria m nutrition of, 

174- 176 

survival of bacteria m pupana of, 

175- 178 

Seed plants, inoculum of pathogenic, 
491 

Selection of phloem bj beet leaf 
hopper, 507, 508 

of tissues by insect vectors, 506- 
509 

Selective medium, for Phytomonas } 
stewarti, 551 

for Phytomonas tumefaciens , 551 
Septobasidium, and scale insects, 80 
81, 82 

burtu, 80, 81, 82 

Septona lycopersici , and flea bee¬ 
tles, 259 

and the Colorado potato beetle, 
259 
Setae, 448 

mandibular, mechanics of penetra¬ 
tion by, 456, 457, 458 


Setal sheath function of, 500 

m feeding punctures of Hoinop- 
tera, 499, 500 
origin and nature of, 500 
relation to sain ar\ secretions, 463 
Sheath, setal, 499, 500 
Silkworm, diseases of 33, 34 
Sih er top of June grass, 399-401 
Smoxylon ceraiomae , 52 
Siphoning mouth parts, 459, 460, 
461 

Sitodrepa pamcea , and symbiotic 
yeast, 50 83 
ovipositor of, 84 

Sleeping sickness and the tsetse fh 
516, 521, 522 

Slugs as vectors of pathogenic fungi, 
415 

Smut of figs, 239, 240 
Soft rot, of cruciters, 17S-179 
of plants and Dipterous insects, 
168-1S1 

Soil, dissemination of viruses m, 281 
sterilization of m study of insect 
transmission, 545 

Solenopszs germmata , attendant up¬ 
on Pseudococcus brempes, 136 
Sooty mold, 259, 250 
Souring of figs, 238, 239 
Soy beans, pubescent yarieties re¬ 
sistant to hopperburn, 132 
Specificity, of transmission, m rela¬ 
tion to virus classification 29b 
297 

of virus transmission by insects, 
295-299 

Spermatheca 471 472, 474, 475 
Spermathecal gland, 475 
Spermophthora gossypn and plant 
bugs, 247 

Sphinx moth and anther smut of 
pinks, 251, 252 489 
Spicama anomala, and Scolytus prac- 
ceps , 224 

and Scolytus subscaber , 224 
Spindle tuber of potato, 312-315, 

313 

Sponging mouth parts, 458, 459 
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Spore hoi ns of Endotlna paiasitica , 
257 

Spoies, ulhoionce to dry suifaces, 
483, 484 

adherence to insect setic, 483, 484 
bactenal, 479, 482 
fungus, 482-400 
resistance of, 484 
germination stimulated by intes¬ 
tinal contents of insects, 484, 
485 

Spoiotrichum anthophilum , and S 
poae, 400 
poae, 399-401 
Spotted wilt, 356-360, 357 

probable identity with pineapple 
yellow spot, 363 

Stages of development m lelition 
to disease transmission, 542 
Staining histological sections, 555- 
557 

Staining solutions, formulas for, 
555-557 

Stenocephalis agihs , 388 
Sterilization of soil m study of insect 
transmission, 545 

Stewart’s disease of com, 185, 186, 
187-190 

Stigmatonr^ cosis and plant bugs, 
246-251 

Stigmonose, 124 
Stmkhom fungi, 485, 486, 487 
adaptations of, for insect disper¬ 
sal ol spoies, 485, 486, 487 
Stomata, 429, 430, 431 
m relation to infection, 429-431 
Stomodaeum, 464r-467 
Stomodeal valve, 464 
Strains within species of insects and 
virus transmission, 543 
Streak of corn, 339-342 
Stylet of nematodes, 407 
Succima putns as a vector of patho¬ 
genic fungi, 415-416 
Sugarbeet, leaf curl of, 364-366 
savoy of, 365, 366 

Sugar cane, Fiji disease of, 354-356, 

355 


Sugai cane, fioghoppoi blight of, 
133, 134 

gummosis ol, 198, 199 
mosaic ol, 320-324, 321 
Sugai-cane mosaic, vectois of, 321- 
323 

Sugai-c me icd lot, 263 
Sundew, 21, 22 

Sweet-potato lot ti msniitted by 
nntes, 404 
Symbiont, 47 

Symbionticism and the oiigm of 
species, 54 
Symbiosis, 7, 43, 46 
antagonistic, 46 
defined, 46 

of insects md mic rooigamsms, 
46—92 

mtracellulai m Hoinopteia, 84-87 
mutu ills tic, 46, 47 
nature of, 53-59 
obligate, 53 

significance of, m insect transmis¬ 
sion, 46 

and structural modifications, 58 
Symbiote, 47 
Synconium of fig, 42 

T 

Tarnished plant bug, and celoiy 
heait rot, 180 

as a vector of fire blight, 161 
Tarsonenudac, 398 
Taxonomy of insect vectors, impor¬ 
tance of, 543 

Tea, steam canker of, 132, 133 
Technique, histological, 552-557 
manuals of, 553 
microbiological, 549, 552 
Temperature, high, as a means of 
differential killing, 558 
Termitaria, 68, 69 
Termites, and fungi, 67-70 
nitrogen economy of, 72, 74 
and protozoa, 56, 70-74 
Texas fever and the cattle tick, 96, 
519, 520 
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Thamnotettix get minatus , us a a ector 
of astci yellows, 337 
montanu s, as i sector of aster 
yellows, 337 

Thomaspis sacchanna , 133 
Threshold penod m xirus transmis¬ 
sion, 292 

Thnps and bean bacteno^is, 206 
Thnp s tabaci, as a vector of pine¬ 
apple yellow spot, 363, 364 
as i vectoi of spotted wilt, 359, 

363 

development il stages of, and 
virus transmission, 542 
Thysanoptera as vectors of a irus dis¬ 
eases, 2S4 

Ticks and Texas fcvei, 515, 519, 520 
Tipula paludosa as a xectoi of leif 
roll, 325 

Tissue selection, by insect xectois, 
506-509 

by leaf hoppeis and hopperburn, 
508, 509 

by Entettix tenellus, 331, 332 
Tobacco, angulai leaf spot of, 205 
mosaic of, 315, 316 
Tobacco mosaic, insect actors of, 
316 

Tomato, leaf spot of, 259 
Toxemias, 123 

Toxieogenic insects, defined, 122 
diseases caused by, 122, 157 
and methods of feeding, 500-501 
Toxicoses, 123 

compaiecl with virus diseases, 123 
Toximferous insects, defined, 122 
Toxoptera giammum , as a x ector of 
sugar-c me mosaic, 323 
Ttcichysphaera ft uchgena , 79 
Traps, insect, 547, 548, 549 
insect light, 548 
insect wind, 549 

Tree-cricket canker, 253-256, 254 
Tree crickets, and fungus cankers, 
253-256, 254 

oviposition punctures of, 510 
Trench fever, transmitted b} lice, 
529 


Titcholaena tosea and meah-bug 
wilt of pineapple, 136 
Tnchomes, 428 

m relation to infection, 428, 429 
Trichosponum s ymbioticum and 
Scolytus ventrahs 224 
Trypanosoma brucei , transmitted bx 
Glossma morsitans , 521 
gambiense, transmitted b} tsetse 
flies, 522 

Trypodendron betulae 63, 66 
retusns, 63 

Tsetse and the nigana disease, 
516 520, 521 

and sleeping sickness, 516, 521 
522 

Tubaculai lella ips and baik beetles 
217-224 223 

Tylenchus multicinta , and soft-iot 
ba< tern, 411 
ptatensis m roots, 414 
and soft-rot bacteria 411 
triticz, 406 

and Dilophospora alopecun , 
408-411 

Type specimens of insect vectors, 
543 

Typhlocyba uhm as a vector of leaf 
roll, 325 

T\ phoid fever and flies 529, 530 
Typhus fever and lice 529 
Tyjidiomyces formicarum, 77 
T^ rogl^ phidae, 398-399 

U 

L stilago violaccae and sphinx moths 
251, 252, 489 

Utnculana, and mosquitoes, 22 23, 
24 

\ ulgans, 23 

Y 

Vagmi of insects, 472, 474 
Ventriciilus, 464, 467-469 
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Venus’s flytrap, 25, 26 
Virus diseises, biological transmis¬ 
sion of, 288, 299 
compaied with toxicoses, 123 
and insects, 277-383 
of insects, 33, 34 
and Koch’s postulates, 536 
increasing prevalence of, 277 
mechanically transmitted, 312-320 
Virus extracts, preparation of, 538 
Viruses, agents of dissemination of, 
278-288 

classification of, 296, 297 
effect of, on insect vectors, 302- 
305 

incubation period m insect vector, 
291-295 

inoculum of, 490, 491 
methods of feeding to insects, 
537 

methods of isolating m crystalline 
form, 538-541 

multiplication of, m body of in¬ 
sect vector, 289-291 
Visitation of insect vectors to 
healthy and diseased plants, 
541 

Vitamins m symbiosis, 56 
Vitellarium, 472 
Viviparous reproduction, 471 
Volvaria , 69 

W 

Wasps as vectors of fire blight, 161 
Water, dissemination of vnuses by, 
280 

guttation, and infection, 280, 432, 
433 

meteoric, and fire blight, 163 
Weeds m relation to southern celery 
mosaic, 501, 502 
Wheat, mosaic of, 372 
White fly, as vectors of virus dis¬ 
eases, 286 
diseases of, 30 

White grubs and crown gall, 102 


Wdlow, bactcual wilt of, 199, 200 
Wind, dissemination of viruses, by 
279 

influence on movement of insect 
vectois, 505 
Wind trap, insect, 549 
Witch-hazel gall and bacteria, 207 
Wood-boring beetles and wood lots, 
265-268 

Wood-i ottmg fungi and wood-bor¬ 
ing insects, 265-268 
Woolly aphis, and Diplodia gnffom , 
244 

and Euiopean canker, 244 
and perennial canker, 240-244 
Wound cork, in relation to infection, 
437, 438 

Wounds, feeding, 496, 497 
made by chewing insects, 496, 497 
made by piercing-sucking insects, 
497 

made by rasping-sucking insects, 
497 

oviposition, 195, 254, 255, 361, 476 
X 

X virus, of potato, 373 
transmission of, 374 
Xenopsylla cheopsis } a vector of 
bubonic plague, 528 
Xylaria, 69 
micruia , 76 

Xyleborus dispar , 59, 62 
xylogjaphus, 61 

Y 

Yeast spot of lima beans, 248, 249, 
250 

Yellow dwarf, of onion, 316, 317 
vectors of, 317 
of potato, 352-354 
and its relation to red clover, 501 
vectors of, 353, 354 
Yellow fever and mosquitoes, 96, 
516, 525, 526 
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Yellow spot of pineapple, 360-364, 
361, 362 

probable identity of, with, spotted 
wilt, 363 

Yellows, of aster, 335-338, 336 
of peach, 345-349, 346 
psyllid, 141-146, 142, 143 
Yucca, pollination of, by Pronuba 
moth, 39-41 


Z 

Zenker's solution, 554 
Zodiophily, 35 
Zoochlorella , 48 
Zootermopsis angusticolhs , 70 
nevadensis, 71 
Zooxanthella , 48 

Zygosaccharomyces pirn and pme 
baik beetles, 233 





